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  Voorwoord 
  i 
Voorwoord 
 
Everybody is a genius, but if you judge a fish by its ability to climb a tree, it 
will live its whole life believing that it is stupid. 
 Albert Einstein 
 
Ik kan mij mijn laatste jaren in het middelbaar nog goed herinneren. Mijn 
motivatie al even laag als mijn punten en mijn leerkrachten met hun handen 
in hun haar. “We weten het niet meer” hadden ze tegen mijn ouders gezegd.  
En dan afkomen met het feit dat je ingenieur wil gaan studeren… 
ingenieur… en dat met die zware onvoldoende voor wiskunde. Tussen ons 
gezegd en gezwegen, ik wist niet waaraan ik begon. 
Evenmin wist ik waaraan ik begon toen ik besliste om 4 jaar lang staal 
vezels te onderzoeken. Op de jaarlijkse start-dag van onze groep, enkele 
dagen voor ik mijn doctoraat startte, kreeg ik 3 minuten om mijn onderzoek 
voor te stellen… na 30 seconden zat ik al door mijn kennis over het 
onderwerp heen… ik had geen flauw idee wat ik ging doen.  
Dan maar starten met de literatuurstudie! Even zoeken op “steel fibre 
composite” gaf helaas geen nuttige resultaten. Het was duidelijk 
onontgonnen terrein. Gelukkig stelde Ignaas, één van mijn promotoren, mij 
gerust: “Een doctoraat moet niet altijd eenvoudig zijn, er mag wel voldoende 
uitdaging inzitten”. 
Maand na maand, jaar na jaar leerde ik bij, begreep ik meer en kon ik steeds 
beter mijn collega’s overtuigen waarom het in hemelsnaam nuttig zou zijn 
om zo’n loodzware vezels te gebruiken. 
En zo, 10 jaar nadat ik mijn eerste onzekere stappen richting de universiteit 
zette, kan ik nu de laatste hand leggen aan mijn allereerste echte boek. 
Het spreekt voor zich dat ik dit niet allemaal alleen gedaan heb en dat ik van 
vele fantastische mensen hulp en steun heb gekregen. 
  
 ii 
Ellen, 
Niemand anders dan jij hoort vooraan in dit lijstje. Je was mijn vriendin toen 
ik aan dit avontuur begon en je bent mijn vrouw nu ik dit afwerk. Je hebt als 
enigste echt volledig meegereden op alle hoogtes en laagtes. Je hebt mij 
gesteund in de momenten dat ik aan alles twijfelde, maar je waarschuwde 
mij ook als ik te gemotiveerd, te wild, 12-13u per dag een volledige week 
zonder lunchpauze aan het werk was. Er is geen enkele twijfel: zonder jou 
steun, opmonterende woorden, luisterend oor, geïnteresseerde vragen en 
onvoorwaardelijk liefde had ik het nooit gehaald. 
Ik heb het jou wel vaak niet eenvoudig gemaakt. Onder grote stress keerde ik 
eerder in mijzelf en had je de grootste moeite om je motiverende woorden tot 
mij door te laten dringen. Maar je hebt nooit opgegeven. 
Ik kan jou daarvoor niet genoeg bedanken en ik ben ongelofelijk gelukkig 
dat jij mijn vrouw bent. Ik kijk ernaar uit om samen met jou in het volgend 
avontuur te storten en wees gerust, dat wordt weer een avontuur waarvan we 
niet weten waarmee we beginnen! 
Ook voor mijn promotoren een bijzonder woordje van dank. Ignaas, uw 
enthousiaste en gepassioneerde uiteenzettingen hebben mij ertoe aangezet 
om een studentencursus over composieten te schrijven. Dit heeft het begin 
gemarkeerd van een onuitputtelijke interesse in composietmaterialen. 
Larissa, uw input was onontbeerlijk voor dit doctoraat. Hier en daar zal de 
tekst misschien nog net wat tekort schieten, maar door uw aandachtig lezen, 
opmerkingen en wijzigingen is de tekst een héél eind beter dan de eerste 
versies die ik doorstuurde. Ignaas en Larissa, bedankt voor de discussies en 
input tijdens de vergaderingen. Ik liet mijn gedachten soms te snel 
vooruitlopen op wat ik wilde vertellen, maar jullie namen altijd de tijd (en de 
energie) om geconcentreerd te luisteren, uit te vissen wat ik precies wilde 
vertellen om mij dan verder naar de juiste richting te begeleiden. 
Thank you, to all the members of my examination committee. After 
countless hours looking at the data and text, you lose the overview. Your 
questions, comments and remarks were truly valuable, learned me new 
things and allowed me to improve the text. I appreciate it that you took the 
time to read my text. 
Hartelijk bedankt ook aan Peter Persoone, Sophie Vandewalle en Bekaert in 
het algemeen, voor het project en al de materialen die ik nodig had. 
Een groot deel van dit onderzoek werd uitgevoerd in het SBO-1 project van 
het NanoForce programma van SIM Flanders. Bedankt aan alle partners voor 
de hulp en de input. Een extra woordje van dank voor Ellen, Amit en 
Gabriella voor het ontwikkelen van de silaan coatings. 
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Niels en Lennart, bedankt dat ik af en toe mijn hart eens mocht komen 
luchten, maar ook voor de hulp. Van het mengen van hars voor het maken 
van samples om microscopie op uit te voeren, het maken van net die éne 
SEM foto die op bijna al mijn poster staat, tot het geven van extra practica 
omdat ik niemand anders kon vinden, jullie hebben altijd klaar gestaan voor 
mij, waar ik ook mee afkwam. Niels, ik ben heel benieuwd waar we nog 
gaan uitkomen, en er zijn weinig mensen waar ik zoveel vertrouwen in heb. 
Lennart, mijn aandeelkes van Umicore kunnen nog wel een duwke in de rug 
gebruiken, dus ik hoop mee met u dat je bij hen kan gaan werken!  
Ali, I’ll never forget how and when I met you. We had no government at the 
time and I tried explaining you why, but you replied that you didn’t see the 
problem, everybody was working, there were no demonstrations, no 
problems. In your home country it would be different. I enjoyed all of our 
(lengthy) discussions, it broadened my perspectives. 
Een dikke merci aan mijn bureaugenoten, Yentl, Dieter en Yannick. Bedankt 
om mijn gevloek te negeren als ik een Matlab programma niet aan de praat 
kreeg, maar ook voor de discussies en kritische blik. Zeker Yannick heeft het 
af en toe mogen horen toen ik onder stress mijn tekst aan het afwerken was. 
Ik viel hem vaak lastig, maar ik kon mijn hart luchten en daarna werd ik 
aangemaand om verder te werken. 
Joris en Katleen, bedankt voor alle babbels tussendoor, maar ook voor de 
waardevolle hulp en kennis. Katleen, voor elke test die ik nog niet had 
uitgevoerd kwam ik eerst bij u langs, uw praktische kennis en ervaring heeft 
mij zeker uren tijd bespaard. Joris, ik kon u eigenlijk over alles raad komen 
vragen en bovendien heb ik altijd kunnen waarderen dat je oprecht 
geïnteresseerd was in waarmee ik bezig was. 
Valentin, a big thanks that I could pose all those questions I had concerning 
the modelling, you didn’t always have an answer, but just a discussion of a 
couple of minutes could often already help me on the way. 
Manuël, Kris en Bart, ik kon altijd bij jullie terecht. Mijn oprechte excuses, 
want ik kon jullie midden in de middag pauze of net voor jullie vertrek nog 
komen storen, maar toch namen jullie de tijd voor mij. Ik kon ook met al 
mijn vragen bij jullie terecht en jullie praktische inkijk is bijzonder 
waardevol geweest. Ik heb zeker veel geleerd van jullie. 
Een dikke merci ook aan Thomas, Yuanyuan en Jeroen. Ik heb oprecht 
genoten van die laatste conferentie. Ik duim, Thomas, dat je uw motivatie 
om het departement te verbeteren niet te snel verliest!  
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Bedankt aan mijn thesis studenten Ben, Pieter, Stijn en Mahoor. De ene zal 
al wat meer terugvinden in dit doctoraat dan de andere, maar al jullie vragen, 
problemen en oplossingen heb ik nauwlettend onthouden en vaak zelf nog 
kunnen gebruiken. 
Een dikke merci aan iedereen van het KU Leuven Gymteam. De trainingen, 
gevolgd door de soms ietwat late uitstapjes in Leuven waren de perfecte 
ontspanning tijdens mijn doctoraat. Ik voelde mij gesteund aangezien jullie 
vaak naar een update vroegen, ondanks dat jullie interesses ver weg van de 
materiaalkunde liggen. Wouter krijgt hiervoor nog een extra woordje van 
dank aangezien hij altijd klaar stond voor mij en ik hem af en toe ook eens 
echt heb moeten raadplegen.  
Pieter en Lise, bedankt voor jullie begrip en steun. Uw carrière-switch,  
Pieter, heeft mij geïnspireerd en gemotiveerd. De quote bovenaan dit 
voorwoord is naar mijn gevoel zeker ook bij u van toepassing.  
Tom, toen ik samen met u ‘s nachts de laatste hand aan uw doctoraat legde, 
kreeg ik een glimp te zien van wat mij te wachten stond. Ik heb er nog vaak 
aan moeten denken, het heeft mij door die laatste loodjes/letters heen 
geholpen. Emma, Ellen en Martijn, bedankt voor jullie oprechte interesse. 
Bijzonder veel dank aan mijn ouders voor hun onvoorwaardelijke steun en 
vertrouwen. Zoals ik in het begin heb geschreven was ik niet altijd een goede 
student. Ze hebben echter altijd het volle vertrouwen gehad en altijd achter al 
mijn keuzes gestaan, meer nog, ze zijn bijzonder trots op waar hun drie 
kinderen nu staan. Ik kan hen niet genoeg bedanken. 
 
Aan al diegene die enkel het voorwoord gingen lezen, niet stoppen, blader 
eens door naar de illustraties, de microscopie foto’s of lees eens een zin hier 
en daar… En als je dan iets niet verstaat, laat mij het weten, dan wil ik gerust 
bij een pintje of een glaasje wijn gezellig op een terrasje wat verdere 
verduidelijking geven. 
 
You can't connect the dots looking forward; you can only connect them 
looking backwards. So you have to trust that the dots will somehow connect 
in your future. You have to trust in something — your gut, destiny, life, 
karma, whatever.  
 Steve Jobs 
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Abstract 
 
Advanced structural composites such as carbon and glass fibre-reinforced 
polymers have a limited ductility. This is due to intrinsic brittleness of the 
high performance fibres. The composite ductility can be enhanced by 
choosing fibers with a higher strain-to-failure, but most known ductile fibres 
(e.g. some natural and polymer fibres) have a low stiffness.  
The aim of this work was to investigate a new fibre type for application in 
composites – annealed stainless steel fibres. The unique property of these 
fibres is that they combine a high stiffness (±193GPa) with a strain-to-failure 
which can be tailored up to 20%. The strain-to-failure is as high as that of a 
silk fibre and up to 10 times higher than that of a carbon fibre. 
An extensive experimental program, supported by modelling investigations, 
was performed to understand the mechanical behaviour of polymer 
composites made of these fibres. The influence of the matrix ductility, fibre 
architecture and interphase properties on the damage development and 
composite properties was investigated. Additionally steel fibre hybrids in 
combination with carbon fibres, glass fibres or drawn polypropylene tapes 
were studied. 
The ductile steel fibres delivered composites with a high stiffness and a high 
strain-to-failure. The strain-to-failure can be up to 22%, which is much 
higher than a typical carbon and glass fibre composite (10 and 5 times, 
respectively). 
Steel fibre composites with ductile matrices showed the highest strain-to-
failure and a distinctly different failure behaviour, compared to a steel fibre 
composite with a brittle matrix. In both cases the strain-to-failure could be 
further improved using a silane treatment which increased the adhesion 
strength. 
By replacing low amounts of steel fibres by carbon or glass fibres, the 
composite strength increased, but with a significantly lower strain-to-failure. 
However, the sudden failure which is typical for carbon and glass fibre 
composites, was not present. 
Adding steel fibres to self-reinforced polypropylene increased its stiffness 
and, also its specific stiffness despite the high density of steel. In contrast to 
hybridisation with a brittle fibre, no loss in strain-to-failure in a tensile test 
was measured.  
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Samenvatting 
 
Structurele composieten, zoals koolstof- en glasvezelversterkte polymeren 
hebben een beperkte ductiliteit. Dit komt door de intrinsieke brosheid van de 
versterkende vezels. De ductiliteit van het composietmateriaal kan verbeterd 
worden door het gebruik van vezels met een hogere breukrek, maar de meest 
gebruikte ductiele vezels, zoals natuurlijke vezels en polymeervezels, 
hebben een lage stijfheid. 
Het doel van dit onderzoek was om composieten met een nieuw type 
versterkende vezel, namelijk uitgegloeide roestvast staalvezels, te 
onderzoeken. De unieke eigenschap van deze vezels is dat ze een hoge 
stijfheid (± 193GPa) combineren met een hoge breukrek (tot 20%). De 
breukrek is even hoog als die van zijdevezels en tot 10 keer hoger dan die 
van koolstofvezels. 
Uitgebreid experimenteel werk werd uitgevoerd, ondersteund door 
theoretische modelleren, om het mechanische gedrag van 
polymeercomposieten met deze vezels te begrijpen. De invloed van de 
matrixductiliteit, vezelarchitectuur en interfase op de mechanische 
eigenschappen en schadeontwikkeling van deze composieten werd 
onderzocht. Bijkomend werden ook hybrides bestudeerd: staalvezels in 
combinatie met koolstofvezels, glasvezels of verstrekte polypropyleen tapes. 
Binnen het onderzoek werd aangetoond dat composieten met ductiele 
staalvezels zowel een hoge stijfheid als een hoge breukrek bezitten. Deze 
composieten bezitten een breukrek tot 22%, wat veel hoger is dan typische 
koolstof en glasvezel versterkte composieten (respectievelijk tot 10 en 5 
maal hoger). 
Staalvezel composieten met een ductiele matrix vertoonden de hoogste 
breukrek en ook een duidelijk verschillend falingsgedrag vergeleken met 
staalvezel composieten met een brosse matrix. In beide gevallen kon de 
breukrek verder verbeterd worden door een silaancoating, die de 
adhesiesterkte van het polymeer aan het staal verhoogt. 
Door hybride composieten te produceren, waarbij kleine hoeveelheden 
staalvezels door koolstof of glasvezels vervangen werden, kan de sterkte 
verbeterd worden, maar verlaagt de breukrek significant. De plotselinge 
faling die typisch is voor koolstof en glasvezel composieten, was niet 
aanwezig. 
 viii 
Het toevoegen van staalvezels aan zelf-versterkt polypropyleen verhoogt de 
stijfheid en ook de specifieke stijfheid ondanks de hoge dichtheid van de 
staalvezels. In tegenstelling tot hybridisatie met brosse vezels, werd geen 
verlies in breukrek  in een trekproef gemeten. 
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Chapter 1 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Imagination is more important than knowledge. 
For knowledge is limited, whereas imagination embraces the entire 
world, stimulating progress, giving birth to evolution. 
It is, strictly speaking, a real factor in scientific research. 
 Albert Einstein  
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1 Introduction 
1.1 General introduction 
Polymer composites are a relatively young material class and their use is 
rapidly growing. They become more and more popular in any application in 
the aerospace, maritime, automobile and sport industries where a low weight 
and high stiffness and/or strength is required [1, 2]. 
In the last decades increasingly higher percentages of the primary weight-
sensitive structural parts in airplanes are made of advanced composites. As 
an example, the Boeing 777 (maiden flight 20 years ago) consisted of only 
20% composites by weight, while the Boeing 787 (maiden flight 5 years 
ago) consists of ± 50% composite materials [3, 4]. 
 
Figure 1-1: Materials used in the Boeing 787 [4] 
Besides their high mechanical properties, they exhibit a highly tuneable 
degree of anisotropy, creating unprecedented design opportunities. On the 
other hand, they require a change in thinking about materials design 
compared to metals, which have been used already for centuries. 
Nevertheless, currently the use of polymer composites in, for example, 
automotive is shifting from high-end luxury applications such as the Porsche 
918 Spyder or Mclaren P1, towards higher volume applications such as the 
urban electric car from BMW: the BMW i3. 
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Figure 1-2: Examples of current commercial use of carbon fibre composites: (a) The 
Porsche 918 Spyder [5], priced at ±900.000 US$ and (b) the BMW i3 [6], priced at 
±40.000 US$ 
This trend is not only limited to automotive applications, also in sports 
applications carbon composites become available to a larger public in 
products such as bike frames, skis, snowboards and tennis rackets. 
An important disadvantage in the use of carbon or glass fibre composites is 
their low failure strain and low toughness (i.e. surface under the stress-strain 
curve). As a result, researchers focus on enhancing the toughness of 
traditional composites through the use of tough matrices, adhesion 
improvements and nano-modifications. However, the low failure strain is 
due to the intrinsic brittleness of the fibres. The composite ductility can thus 
be enhanced if the reinforcing fibre has a higher strain-to-failure, but most 
known ductile fibres such as natural and polymer fibres possess a low 
stiffness. 
Steel, however, holds a unique characteristic that its strain-to-failure can be 
altered using a heat treatment without affecting its stiffness. Thus, a new 
class of ductile fibres can be created, which combines both high stiffness 
(stainless steel: ± 193 GPa) and high strain-to-failure (± 20%). Steel itself is 
not a new reinforcing material, but it is typically used to increase stiffness 
and strength (e.g. steel wires in rubber or concrete), rather than ductility. The 
current research investigates the mechanical properties of ductile stainless 
steel fibres in polymer composites and its hybrids. 
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1.2 State of the art 
This section includes a general literature review of how to increase 
toughness in composites and the current use of steel wires and fibres. A 
more specific literature review is included in the introduction of each 
chapter. 
 
1.2.1 Toughness in composites 
The structural advantages of advanced composites, such as carbon 
fibre/epoxy composites, are well known: high stiffness and strength 
combined with a low weight. Hence, these materials have found broad 
applications in the aerospace, maritime, automobile and sport industries. The 
full weight saving potential of these advanced composites is however not 
realized due to the potential risk of growth of internal defects and (invisible) 
cracks under impact or fatigue loading [7].  
In impact and fatigue loading, three important failure mechanisms are 
present: matrix cracking, delamination, fibre/matrix debonding and fibre 
fracture. The first three mechanisms are dominated by the matrix and the 
fibre/matrix interphase, while the last one is dominated by the fibres [8, 9]. 
Higher resistance to growth of cracks and delaminations can be realised by 
improving the energy dissipated during the growth of cracks, fibre/matrix 
interphase debonding and delaminations [7, 10-13]. In this thesis, fracture 
toughness will be defined as the amount of dissipated energy during fracture 
per unit of newly created fracture surface area due to matrix cracks, 
fibre/matrix interphase debonding or growth of delaminations. 
Another way to represent toughness for single fibres or composites under 
tensile loading is by calculating the area underneath the stress strain curve. 
This represents the energy dissipated per volume during deformation and 
fracture of a single fibre or composite. Throughout this thesis, “toughness” is 
defined as the area underneath the stress strain curve. 
The dissipation of energy can also be measured during impact loading. In 
impact loading, energy is dissipated in a complex manner through multiple 
failure mechanisms as mentioned earlier. However, it is known that 
composites made with fibres which can store more energy before failure (i.e. 
with a high toughness), perform better under impact loading [8, 14, 15].  
Further discussion is divided in four parts: Matrix, fibre/matrix interphase, 
fibres and hybridization. 
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1.2.1.1 Matrix 
Figure 1-3 shows the relation between the matrix fracture toughness and the 
interlaminar fracture toughness of the composite. The main ways to increase 
the matrix fracture toughness is the use of thermoplastics, toughened epoxies 
and nanoparticles. While an increased fracture toughness of the matrix leads 
to an increase in interlaminar fracture toughness of the composite, the 
increase is not always proportional [7]. This can be attributed to fibre 
constraint effects that limit the ductility of the matrix resin and confine the 
volume of the plastic deformation zone.  
 
Figure 1-3: Relation between mode I matrix fracture toughness and the mode I 
interlaminar fracture composite toughness [7] 
Polymer composite materials are typically made using thermoset matrices 
(e.g. epoxy, polyester,…) because of the low viscosity of thermoset resins 
and hence easy resin infusion production methods. However, the strong 
cross-linking in thermoset resins makes their fracture toughness inherently 
lower than the fracture toughness of thermoplastic resins. Although the 
potential of thermoplastics in composites has already been shown decades 
ago [10, 11, 16], the difficult fibre impregnation and wetting characteristics, 
lower creep and thermal stability still limit their use in composites. During 
the last few years efforts were made to overcome these drawbacks. 
Thermoplastic composites can be produced through in-situ polymerization 
[17-22] and coating and coupling agents are developed to enhance the fibre 
matrix interphase [23-28]. Nevertheless thermoplastic composites are despite 
their higher interlaminar fracture toughness still typically only used in small 
components which can be produced through injection moulding with a high 
production volume and often with short random oriented fibres. In effort to 
add continuous fibres, organo-sheets are being developed [29, 30], a 
continuous-fiber reinforced sheet which is impregnated with a thermoplastic 
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matrix. These sheets are placed in an injection mould, where it is formed into 
a 3D shape and overmoulded with additional thermoplastic material. 
In parallel or in combination, fillers can be used to improve properties of the 
bulk matrix [31]. Fillers could be µm size such as rubber or thermoplastics 
particles inside thermosets or nm size such as nanoclays, carbon nanotubes 
or graphene flakes, which can be incorporated both in thermosets and 
thermoplastics. 
Epoxy resins can be strongly toughened by incorporating a rubbery filler as a 
distinct phase of microscopic particles [32-34]. This was already patented as 
early as 1967 [35]. Only a small amount (10-15% by weight) of rubber 
particles having a size in between µm to mm range are needed to strongly 
increase the fracture toughness. Not only rubber can be incorporated, also 
other elastomers or thermoplastics. The main advantage in using 
thermoplastics is that their incorporation does not result in a significant 
decrease of the modulus and yield strength of the matrix material [36-39], as 
it is observed for rubbers. 
Figure 1-4 illustrates possible toughening mechanisms in thermoplastic 
toughened epoxies. Depending on the size, distribution and interface of the 
thermoplastic particles, different mechanisms will or will not occur and 
hence greatly influence the resultant fracture toughness of the modified 
system. Although it has already been studied for a long time, no general 
theory on the fracture mechanism for all types of particles has yet been 
accepted [34, 36]. Hence in some cases the addition of a thermoplastic phase 
improves the fracture toughness  significantly while in other cases there is 
little change in fracture toughness. 
 
Figure 1-4: Schematic diagram of toughening mechanisms in thermoplastic-modified 
epoxies: (1) crack pinning, (2) particle bridging, (3) crack path deflection, (4) particle 
yielding, (5) particle-yielding-induced shear banding, and (6) microcracking [36] 
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While incorporating rubbers or thermoplastics can greatly increase the 
fracture toughness of epoxies, the main downsides are an increased cost, 
difficulties in processing, decrease in creep resistance and a lower elastic 
modulus. 
Since inorganic particles often exhibit novel physical properties as their size 
approaches nanometer scale dimensions, a strong research interest has grown 
in nm size particles such as nanoclays [40, 41], carbon nanotubes [42-44] 
and graphene [45-47]. Three types of nanoparticles can be distinguished, 
depending upon the reinforcing dimensions to the fibre–matrix composites 
[7]: 0-D Nano-particulate materials, such as spherical silica nanoparticles, 1-
D Nano-fibrous materials, in the form of fibres or tubes such as carbon 
nanotubes (CNTs) and 2-D Layered materials in the form of single or 
multiple layers of sheets, such as nanoclays, silicates and graphene. 
In general, nanoparticles have not been able to generate matrices with a very 
high fracture toughness. However, nanoparticles seem to increase the 
correlation between the fracture toughness of the matrix and the interlaminar 
fracture toughness of the composite (a higher slope in Figure 1-3) [7]. This 
change may be attributed to the interaction between nanoparticles and 
reinforcing fibres, which promotes additional toughening mechanisms. 
These additional toughening mechanisms have been shown to improve 
impact, post-impact and fatigue properties of structural composites [48-50]. 
However, while a large number of papers has been published concerning 
nanocomposites, for example on CNTs, mechanical improvements are 
always limited and manufacturing and dispersion issues remain the 
bottleneck for the breakthrough of these materials [51-55]. 
To achieve practical applications of fibre-reinforced composites with these 
nano-reinforcements, a number of fundamental and technical issues need to 
be resolved, including uniform dispersion and alignment of nanoparticles, 
optimal interface between nanoparticles and matrix, and low viscosity of 
nanoparticle-modified matrix resins. An example to resolve these issues is 
grafting CNTs directly on the surface of the fibres [56]. CNTs in the 
fibre/matrix interphase can locally enhance the mechanical properties [57]. 
However, further research is needed to prove whether this can significantly 
improve the composite interlaminar fracture toughness. 
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1.2.1.2 Fibre/matrix interphase 
Combining matrix and fibres made from different materials inevitably 
creates interfaces between the two. The properties of these interfaces 
influence the mechanical properties of the composite. 
The typical definition of “interface” in fibre composites is: “a surface formed 
by a common boundary of reinforcing fibre and matrix that is in contact with 
and maintains the bond in between for the transfer of loads. It has physical 
and mechanical properties that are unique from those of the fibre or the 
matrix” [12]. 
In contrast, the “interphase” is defined as: “The geometrical surface of the 
classic fibre-matrix contact as well as the region of finite volume extending 
therefrom, wherein the chemical, physical and mechanical properties vary 
either continuously or in a stepwise manner between those of the bulk fibre 
and matrix material” [12, 13]. Thus, while the interface is defined as a 
surface, the interphase is defined as a volume locally surrounding the 
interface. 
The fibre-matrix interphase plays an important role in controlling the 
mechanical behaviour of composites. If the matrix is more brittle than the 
fibres, it can strongly influence the mechanical behaviour of composites in 
the fibre direction. 
In metal or ceramic matrix composites, it is long known that an optimal 
adhesion exists for maximum fracture toughness [58-61]. A higher adhesion 
may hinder the development of matrix cracks and lead to a higher strength 
and strain-to-failure of the composite. In the case of a too high adhesion, 
however, the cracks may result in localization and magnification of the 
strain, which is likely to cause earlier failure of the fibres. Thus, an optimal 
level of adhesion is sought.  This is confirmed by more recent experimental 
and modelling work [62-66]. While an optimum adhesion is always present, 
it is strongly dependent on the mechanical properties of the fibres and matrix 
and on the mechanical work of adhesion, due to roughness or interlocking. 
In more traditional composites such as glass, carbon or natural fibre 
composites, a higher adhesion can increase crack initiation loads and 
strength, but can decrease the energy needed for crack propagation [67-71]. 
In impact performance a similar trend is seen. A higher adhesion increases 
the impact energy required to initiate damage, but the perforation threshold 
energy is lower in case of a high adhesion due to localisation of the damage 
[15]. 
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In general the interphase plays an important role in the mechanical properties 
of composites. The optimal properties of the interphase are however 
dependent on the fibre and matrix combination and the required mechanical 
behaviour. Typically a compromise is needed to ensure a combination of a 
high crack initiation load, a high strength and high fracture toughness. 
There are several types of tests which can be used to characterize the 
interphase properties. Experimental tests which investigate the interfacial 
shear properties of a single fibre include: single fibre pull-out test, micro-
bond test, single fibre fragmentation test and micro-indentation test [72, 73]. 
Alternatively tests can be conducted on full scale composites, leading to a 
property which is related to the interphase strength such as 90° off-axis 
tensile or bending tests [74]. In these tests a more complex failure is present 
of both matrix and interphase through application of normal stresses rather 
than shear stresses, but full scale composite tests are easier and faster to 
perform. 
1.2.1.3 Fibres 
Since typical reinforcing fibres such as carbon fibres have a limited strain-to-
failure (only ± 2%), the toughness (i.e. area underneath the stress strain 
curve) of polymer composites reinforced with these fibres is intrinsically 
limited due to the fibres. The composite ductility can thus also be enhanced 
by choosing a reinforcing fibre with a higher strain-to-failure. 
Figure 1-5 presents several types of possible reinforcing fibres and their 
failure strain in function of their stiffness [75-89]. It appears from this graph 
that a trade-off exists between the stiffness and the failure strain. Fibres 
which simultaneously combine a high stiffness with a high failure strain are 
difficult to find. 
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Figure 1-5: Stiffness in function of failure strain for fibres which can be used to 
reinforce polymers [75-89] 
An example of fibres which follow this trend clearly are polymeric fibres. 
Polymers can be stretched and drawn into fibres, aligning the polymer chains 
which increases the stiffness and strength of the material in the drawing 
direction. However this strongly decreases the failure strain.  
Polymeric fibres such as polyethylene and polypropylene fibres can be hot 
compacted into one-polymer composites or self-reinforced composites [85, 
90-97]. During hot compaction, under controlled temperature and pressure a 
small outer part of the fibre melts and forms the matrix of the composite. 
Since only a part of the fibre melts, a high proportion of the strength and 
stiffness of the drawn fibres are kept. This creates a unique composite in 
which there is molecular continuity between the fibre and the matrix. These 
self-reinforced composites have a high strain-to-failure and high impact 
performance [85, 97], but lack stiffness to compete with traditional fibres 
such as carbon and glass in structural applications.  
In less stiffness critical, but weight critical applications, the specific stiffness 
becomes more important (Figure 1-6). Due to the low density of these one-
polymer composites,  they score better on a weight basis (e.g. drawn PP and 
drawn UHMWPE). 
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Figure 1-6: Specific stiffness in function of failure strain for several reinforcing fibres 
[75-89] 
Natural fibres offer a “green” alternative for traditional fibres [98]. Some 
natural fibres exhibit a higher strain-to-failure compared to glass and carbon. 
Hence polymer composites with a high toughness can be produced with 
these fibres [75, 99-101]. Silk fibres for example can have a strain-to-failure 
of up to 20% which translates in composites with a high impact performance 
[82, 102]. However, drawbacks such as incompatibility with the matrix, poor 
resistance to moisture, large variability in strength and a low absolute 
stiffness greatly reduce the potential of natural fibres in polymer composites. 
The last type of fibres are CNT fibres. Recent research shows that single-
walled nanotubes (SWNT) can be spun using a gel to form solid nanotube 
fibres [78-80]. A strain-to-failure of up to 30% combined with strengths of 
1.8-3.2 GPa are reported [78, 79]. However, current difficulties for 
commercial applications are the high cost and the very limited yield. 
Only spider silk, SWNT spun fibres and steel fibres appear to combine a 
high strain-to-failure with a high (specific) stiffness. Whereas both SWNT 
spun fibres and spider silk are very rare and it is difficult to produce them in 
large quantities, this is not the case for steel. And although the high density 
strongly reduces the specific stiffness, it still possesses a very high failure 
strain. This separates steel from the previously discussed fibre types, since 
steel has the unique property that the failure strain can be altered through a 
heat treatment without altering its stiffness. Hence fibres can be made with a 
stiffness almost as high as carbon fibres, but with a strain-to-failure which is 
10 times higher.  
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1.2.1.4 Hybridization 
The third possibility to improve the toughness of polymer composites is by 
creating hybrid composites. Generally a composite with more than one type 
of fibre is known as a hybrid composite. The purpose of combining more 
than one type of fibre into a single material is that it will retain the 
advantages of its constituents and not their disadvantages [103]. For 
example, combining a fibre with a high stiffness (but brittle) with a fibre 
which has a high strain-to-failure (but with a low stiffness), to create a 
hybrid which has a combination of a high stiffness and high strain-to-failure. 
However, for most properties the rule of mixtures (i.e. the weighted sum of 
the mechanical properties of the constituents) applies [103].  
When combining fibres which have a high strain-to-failure and fibres with a 
low strain-to-failure, the strain at which the more brittle fibres fail, is 
increased in the hybrid [103-106]. This hybrid effect, which is typically seen 
in carbon and glass hybrids, can be partially explained by thermally induced 
strains and by the higher strain level required to propagate fibre breakage 
since the tougher fibres act as crack arrestors on the micro-level. The 
increase of in-situ failure strain of the brittle fibre is larger in case of a low 
volume content of the brittle fibre and in case of an intimate mixing of the 
two fibre types.  
When the volume content of the brittle fibres is sufficiently low, a 
progressive failure for carbon-glass hybrids is reported. At the strain at 
which the carbon fibre fails, the stress does not immediately drop to zero, but 
lowers and damage accumulates inside the hybrid. The hybrid finally fails at 
a higher strain, depending on the ratio of brittle and ductile fibres. This is in 
contrast to the brittle and catastrophic failure found in composites made from 
only glass or carbon fibres [105, 106]. 
To further exploit this effect, in more recent research the brittle material is 
introduced as a thin ply in between thicker plies of the more ductile material 
(i.e. thin ply hybrids) [107-109]. By introducing the brittle material as a thin 
ply, multiple fractures inside this ply can take place, and the damage 
progression will be even more stable due to the low energy release rate of 
the thin plies. 
Therefore it should be possible to avoid a large drop in stress after failure of 
the more brittle material and achieve a more progressive failure, which is not 
found in a conventional hybrid (Figure 1-7a). Figure 1-7b and c illustrate the 
difference between hybrids with different thicknesses of the brittle ply. In 
case of a thin layer, the hybrid shows a pseudo-ductile behaviour. At point 
(1) the stress-strain curve deviates from a linear curve and final failure only 
occurs at point (2). Figure 1-7b shows an intermediate behaviour with a 
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thicker carbon ply. At point (3) a small stress drop occurs till point (4) and 
final failure occurs at point (2).  
 
Figure 1-7: (a) Schematic illustration of a conventional and thin-ply hybrid composite 
laminate, and measured stress-strain curves of thin ply hybrids with a carbon ply 
thickness of 29 µm (b) and 87 µm (c) [107]  
Glass fibres are still fibres with a relatively low strain-to-failure, thus when 
they are used in a hybrid as the more ductile fibre, improvements in strain-
to-failure will always be limited. Hence, by hybridizing carbon or glass 
fibres with drawn polymer fibres a stronger improvement in strain-to-failure 
can be expected [110-116]. However, as previously mentioned these fibres 
have a much lower stiffness and hence their hybrids will also show a lower 
stiffness. 
 
1.2.2 Use of steel wires and fibres 
Steel itself is not a new reinforcing material. It is successfully used in tyres 
and conveyor belts in the form of continuous wires to reinforce rubber [117-
122] and in the form of cords and filaments for reinforcement of concrete 
[123-129]. In these applications, steel wires or filaments with a diameter of 
about 150 µm or higher  are typically made of high carbon steel that has a 
high strength but limited ductility in the as-drawn state. The benefit of steel 
in these applications is in increasing the stiffness and strength of the base 
material, namely rubber or concrete.  
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An example, in which steel cords are used for their ductility, is the EASI 
(Energy, Absorption, Safety, Integrity) material [130, 131], developed by 
Bekaert NV (Belgium). In the EASI concept, steel cords are used to 
reinforce glass fibre thermoplastic composites used in structural crash 
components such as car bumpers. Similarly to the previous examples, steel 
wires used in this application have a large diameter that is typically above 
100µm. 
Continuous stainless steel fibres with a diameter below 100 µm are not yet 
commercially used as reinforcement in polymer composites. Currently, their 
use is limited to other applications. For example, they are employed in filters 
for liquid filtration [132, 133], as a heat resistant separation material in the 
process of glass shaping for automobile windows [134-137] and as anti-
static or cut-resistant textiles [137-140] (Bekinox multifilament yarns). Steel 
fibres can also be incorporated inside plastics for EMI shielding (Beki-shield 
[141]). Thus, continuous steel fibres are mainly exploited for their 
thermal/electrical/ magnetic properties. Therefore in these cases the stainless 
steel fibres are used “as drawn” and hence do not exhibit a high strain-to-
failure. 
The scientific literature that describes the use of steel fibres as a reinforcing 
material in polymer composites is very limited. In the case of short-fibre 
reinforced composites, a study in 2008 [142, 143] reported the friction and 
mechanical properties of short steel fibre/epoxy composites. Steel fibres 
used in their research were 45 µm in diameter and on average 455 µm in 
length, the type of steel used was not mentioned. Another study in 2008 
[144] investigated mechanical properties of HA-ZrO2(CaO) ceramic 
biomaterial reinforced with stainless steel fibres of 40-50 µm in diameter 
and 0.8 – 2 mm in length. The authors reported an increase in fracture 
toughness with an increase in the fibre volume fraction. In the case of 
continuous steel fibre composites, two studies from 1987 and 1988 report 
that ductile steel fibres (12-18µm) inside an epoxy, PEEK and PI matrix 
result in composites with a plastic deformation up to 6% [145, 146]. Also in 
2009 an improved impact performance was reported when stainless steel 
fibres (100 µm in diameter) were added to a glass fibre/epoxy laminate [147] 
and in 2010 if stainless steel fibres (30µm in diameter) were combined with 
different matrix systems [148]. 
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1.3 Objectives and thesis outline 
As illustrated in the state of the art, stainless steel fibres are a novel 
reinforcement fibre for polymer composites, which combine a high stiffness 
and a high failure strain. Polymer composites made with these fibres could 
thus combine a high stiffness and high toughness, which is not seen in 
traditional polymer composites. 
The objectives of this thesis are: 
1. To determine the stiffness and toughness of stainless steel fibre 
composites under tensile loading 
2. To understand their tensile behaviour (stiffness, toughness and 
damage development), both in case of a brittle and a ductile matrix, 
by correlating this tensile behaviour to the properties of the 
constituents (fibre, matrix, interphase) 
3. To understand the influence of the fibre architecture on the 
mechanical properties in tensile and impact loading 
4. To improve the toughness through modification of the interphase  
5. To investigate the stiffness, toughness and possible synergistic 
effects of hybridization of steel fibres with more traditional 
reinforcing fibres 
Figure 1-8 presents the thesis outline. This introduction chapter is followed 
by a chapter which explains all used materials, production, testing and 
modelling methods.  
The third chapter is dedicated to simple theoretical micromechanical models 
to estimate the stiffness of steel fibre composites. This allows to situate the 
stiffness and specific stiffness of steel fibre composites among other 
structural materials. 
Chapter 4 presents the work which has been done to understand the 
influence of a brittle or ductile matrix on the mechanical behaviour and 
damage development of stainless steel fibre composites. 
The influence of the fibre architecture both in case of a brittle and a ductile 
matrix is presented in chapter 5. In case of a brittle matrix, the influence of 
the local fibre packing on the tensile behaviour of both UD and cross-ply 
samples is investigated. In case of a ductile matrix the influence of the 
interweaving and crimp of the yarns is investigated by tensile and impact 
testing. 
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Chapter 6 presents the work which has been done to optimise the interphase 
in stainless steel fibre composites. Surface treatments are applied to enhance 
the interphase properties both in case of a brittle and ductile matrix. 
In chapter 7 an additional fibre is added to the composites and the 
mechanical performance of hybrids is investigated. On one hand brittle 
fibres (i.e. glass and carbon fibres) are added to a steel fibre epoxy 
composite. The tensile properties of UD hybrids are investigated for 
different ratios of brittle fibre and steel fibre. On the other hand, steel 
fibre/polypropylene layers are added to self-reinforced PP and the tensile 
and impact properties of the hybrids is investigated. 
Chapter 8 presents the conclusions, recommendations and future work. 
 
Figure 1-8: Thesis outline 
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Inventing is a combination of brains and materials. 
The more brains you use, the less material you need. 
 Charles F. Kettering   
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2 Materials and methods 
2.1 Introduction 
This chapter describes materials and experimental methods used in this 
research. The first two parts describe reinforcement materials and matrices. 
This is followed by experimental techniques: composite production and 
testing methodology. Modelling techniques are specific for each chapter and 
are introduced in the beginning of each chapter. 
 
2.2 Reinforcement materials 
Four different types of steel fibre weaves were used in this research: two 
quasi UD weaves, a basket and a satin weave. All weaves are made and 
supplied by NV Bekaert SA using the same stainless steel fibre yarns. The 
steel fibres have a diameter of 30 µm and are made of a 316L stainless steel 
alloy. The fibres were annealed at >800°C to ensure a high strain-to-failure. 
They are produced using a bundle drawing technique (Figure 2-1), in which 
275 steel wires are combined in a copper matrix encapsulated in a metal 
mantle and subsequently drawn to smaller diameters [1]. After the drawing 
process both the metal mantle and the copper are removed electrochemically. 
The (non-twisted) steel yarn is then wrapped using a PVA yarn to facilitate 
the weaving process. This keeps the steel fibre bundles tightly packed in the 
weave structure. After weaving the PVA yarn is removed by dissolution in 
water. 
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Figure 2-1: Illustration of the bundle drawing technique to produce fine steel fibres 
The fibres have an irregular polygonal cross section due to the bundle 
drawing (Figure 2-2c). The diameter is 30 µm. The roughness of the fibres is 
introduced due to the electrochemical removal of the copper, i.e. grooves are 
visible along the length of the fibre (Figure 2-2d). 
The mechanical properties and composition of a single steel fibre are 
reported in Table 2-1, along with a representative tensile stress-strain curve 
(Figure 2-2a) and the Weibull distribution of the strength (Figure 2-2b) 
(sourced by NV Bekaert SA). Failure strain of a single fibre was measured 
without an extensometer and hence is only an indicative value. 
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Figure 2-2: (a) Representative engineering stress-strain curve of a single steel fibre, (b) 
Weibull distribution of the strength of a single steel fibre, (c) SEM image of the cross 
section of a composite, illustrating the irregular cross section of the fibres due to the 
bundle drawing and (d) SEM image of the surface roughness of a steel fibre 
 
Table 2-1: Mechanical properties and composition of the annealed stainless steel fibres 
(sourced by NV Bekaert SA)1 
 30µm stainless steel fibre 
Young’s modulus, E [2] ± 193 GPa 
Strength, σUTS 660 ± 4 MPa 
Strain-to-failure, εULT ± 20 % 
Yield strength (0,2%), σyield ± 365 MPa 
Weibull modulus 29 ± 6 
Weibull Scale parameter 674 ± 7 MPa 
 
Besides the steel fibre reinforcement also a carbon satin weave, a glass twill 
weave and a PP twill weave were used for hybridisation purposes.  
                                                     
1 No extensometer was used during the tensile testing and thus Young’s modulus, 
strain-to-failure and yield strength are approximate values 
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2.2.1 Steel fibre warp Q-UD weave 
The warp Q-UD steel fibre weave is a quasi UD woven structure consisting 
of steel fibre warp yarns (each containing 2 yarns of 275 untwisted fibres) 
and two thin polyethylene terephthalate (PET) weft yarns (Figure 2-3). The 
areal density of the fabric is 1905 g/m². The weave characteristics are 
presented in Table 2-2. Figure 2-3c shows the geometrical model which is 
created using in in-house developed software tool WiseTex. This 
geometrical model can be used in TexComp to calculate the composite 
stiffness [3, 4]. 
 
Figure 2-3: (a) Photograph of the warp Q-UD weave, (b) close up photograph of the PET 
yarn, (c) WiseTex model and (d) Optical microscopy image of the composite cross 
section revealing the microstructure of a laminate made using the warp Q-UD weave 
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2.2.2 Steel fibre weft Q-UD weave 
In the second Q-UD fabric one yarn of 275 steel fibres is used as weft yarn. 
This allows NV Bekaert SA to produce wider weaves and the steel fibres do 
not have to pass through the harness of the weaving machine, which results 
in a smoother steel yarn (Figure 2-4b). It is possible that the fibres are less 
damaged in this weave compared to the warp Q-UD weave (section 2.2.1). 
An untwisted PET yarn is used as warp yarn. Areal density of the fabric is 
1425 g/m² and other characteristics are presented in Table 2-2.  
 
Figure 2-4: (a) Photograph of the weft Q-UD weave, (b) close up photograph of the steel 
yarn, (c) WiseTex model and (d) Optical microscopy image of the composite cross 
section revealing the microstructure of a laminate made using the weft Q-UD weave 
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2.2.3 Steel fibre basket weave 
To investigate the effect of crimp on the mechanical behaviour of steel fibre 
composites a 2x2 basket weave was used (Figure 2-5). This weave has a 
very high crimp (i.e. the length of the yarn is ± 5% longer than the length of 
the unit cell) and hence also a very high areal weight: 2480 g/m² (Table 2-2). 
 
Figure 2-5: (a) Photograph of the steel basket weave, (b) WiseTex model and (c) optical 
microscopy image of the composite cross section revealing the microstructure of a 
laminate made using the steel basket weave 
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2.2.4 Steel fibre satin weave 
The satin weave was used as a weave structure with a low crimp (± 0.5%). 
Two steel yarns were used as warp yarns whereas only one yarn was used as 
weft yarn. The areal density of the fabric is 1455 g/m² (Table 2-2). 
 
Figure 2-6: (a) Photograph of the steel satin weave, (b) WiseTex model and (c) optical 
microscopy image of the composite cross section revealing the microstructure of a 
laminate made using the steel satin weave 
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2.2.5 Weaves with other fibre types for hybridisation 
Figure 2-7a shows the 2/2 twill weave of drawn PP tapes produced by 
Propex GmbH (Germany) which are used to produce self-reinforced PP and 
hybrids with self-reinforced PP and steel fibres. The PP tapes are 55 µm 
thick and 2.4 mm wide. The weave is overfed 50% in both warp and weft 
direction, meaning that the distance from one tape to the next is less than the 
width of the tape. The areal density of the weave is 130 g/m² (Table 2-3). 
Figure 2-7b and c show respectively the carbon and glass weave, used for 
hybridisation. The glass fibre reinforcement is an E-glass twill 2/2 weave 
from Hexcel and the carbon fibre reinforcement is a Tenax HTA 40 5-
harness satin weave also from Hexcel. Before composite production the 
warp yarns are removed from the glass and carbon weaves in order to 
produce full UD hybrid laminates. Characteristics of the weave architectures 
are reported in Table 2-3. 
 
Figure 2-7: Photographs of (a) PP twill weave, (b) carbon satin weave and (c) glass twill 
weave 
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2.2.6 Overview of all weave characteristics 
The weave characteristics of the different steel fibre weaves are presented in 
Table 2-2 and those of the other fibre types for hybridisation in Table 2-3. 
Table 2-2: Overview of all steel fibre weaves 
 Warp Q-UD Weft Q-UD Basket weave Satin weave 
Warp yarn 2x275 fibres 3040 tex 
Untwisted 
PET yarn 
275 fibres 
1520 tex 
2x275 fibres 
3040 tex 
Weft yarn Twisted PET yarn 
275 fibres 
1520 tex 
275 fibres 
1520 tex 
275 fibres 
1520 tex 
Weave structure Plain weave Plain weave 2x2 basket weave 
3H satin 
weave 
Areal density 
[g/m²] 1905 1425 248 1455 
Warp spacing 
[yarns/cm] 6.25 1.25 5.9 4.8 
Weft spacing 
[yarns/cm] 2 9.35 5.9 2.7 
Warp yarn 
thickness [mm] 
width [mm] 
 
0.6 
1.5 
 
0.08 
1.75 
 
0.6 
1.5 
 
0.3 
3.5 
Weft yarn 
thickness [mm] 
width [mm] 
 
0.1 
0.2 
 
0.45 
0.8 
 
0.6 
1.5 
 
0.3 
1.5 
 
Table 2-3: Overview of all weaves used for hybridisation 
 PP twill weave Carbon satin weave Glass twill weave 
Warp yarn PP tape 110 tex 
6K Tenax HTA 40 E13 
406 tex 
E-glass (EC9 68) 
68 tex 
Weft yarn PP tape 110 tex 
6K Tenax HTA 40 E13 
406 tex 
E-glass (EC9 68) 
68 tex 
Weave structure Twill 2/2 5H satin weave Twill 2/2 
Areal density 
[g/m²] 130 307 204 
Warp spacing 
[yarns/cm] 6.67 4.5 14.7 
Weft spacing 
[yarns/cm] 6.67 4.5 14.7 
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2.3 Matrix materials 
Both brittle (thermoset) and ductile (thermoplastic) matrix systems were 
used in this study. The brittle system is an Epikote 828LVEL (a Bisphenol-A 
type) epoxy, with a 1,2-diaminocyclohexane (Dytek DCH-99) as hardener in 
weight ratio 100 and 15.2 respectively. The tensile properties of the epoxy 
resin were tested at Vrije Universiteit Brussel (Table 2-4). 
Two types of polyamide 6 and a polypropylene are used as a ductile matrix. 
The polypropylene is made from the same PP grade as the stretched PP tapes 
and is supplied by Propex GmbH (Germany) as a 20 µm thick film. The 
more ductile PA-6 is supplied by EMS-Griltech (Grilon ELX 50HNZ) as a 
100 µm thick film and PA-6 with a higher stiffness but lower ductility is 
supplied by Vink NV as a 300 µm thick film. Tensile properties of the films 
were tested according to ASTM D882. Mechanical data of the matrices is 
presented in Table 2-4 and a representative stress-strain diagram is presented 
in Figure 2-8.  
Table 2-4: Mechanical properties of the matrix materials as measured in the current 
work, with exception of the values indicated by a footnote 
 Epoxy 2 PA-6 Ductile PA-6 PP 3 
Stiffness [GPa] 
Dry 
Cond. 
2.9 
 
3.0 4 
0.9 ± 0.1 
 
2.1 ± 0.2 
0.7 ± 0.1 
1.5 
Strength [MPa] 
Cond. 75 > 40 22 ± 3 25 
Strain-to-failure 3.9 % > 20% 270 % >25% 
 
 
Figure 2-8: Tensile stress-strain diagrams of the different matrix materials 
                                                     
2 Tested by Amit Ghosh at VUB 
3 Tested by Winke van den Fonteyne at KU Leuven 
4 Datasheet Vink NV 
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2.4 Composite production 
2.4.1 Vacuum Assisted Resin Infusion for thermoset composites 
The composite plates with the epoxy matrix were produced using a vacuum 
assisted resin infusion technique (Figure 2-9). In this technique layers are 
stacked on an aluminium plate which functions as the bottom mould. A peel 
ply and distribution medium are placed on top. The distribution medium is 
used to ensure full and quick impregnation of the lay-up and the peelply is 
placed in between the laminate and distribution medium so the distribution 
medium can be removed after curing by tearing of the peelply. A vacuumbag 
and vacuum is applied to allow atmospheric pressure to compress the fabrics 
and to remove any entrapped air which could form voids inside the laminate. 
After degassing of the resin (10 min.) it is connected to the injection point. 
The lay-up is preheated to 40°C to lower the viscosity of the resin for easy 
impregnation. After impregnation the resin inlet is closed and temperature is 
increased to 70° for one hour to cure the epoxy. After demoulding the 
laminate is post-cured at 150°C for one hour. 
 
Figure 2-9: Schematic representation of vacuum assisted resin infusion (VARI) 
This technique was used because of its flexibility: a composite can be made 
from any size or thickness, which is not possible in RTM without changing 
the dimensions of the mould. Unlike RTM, no additional pressure can be 
applied to the resin, however no problems were encountered during 
impregnation. 
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2.4.2 Compression moulding for thermoplastic composites 
The composite plates with both polyamide-6 matrices were produced using 
the same compression moulding technique. Layers of the steel fibre fabric 
are stacked with a 100 or 300 µm thick PA-6 film in between. The lay-up is 
placed inside a frame to eliminate too much resin flow out during the 
process. The press (Pinette press) is preheated to 260°C and the laminate is 
pressed in between two aluminium plates using a pressure of minimum 7 
bars during 5 min. After compression the plates are immediately placed in 
between cold plates and cooled down under the same pressure in less than 4 
minutes. 
Also the composite plates  and hybrid laminates with the polypropylene 
matrix were produced using compression moulding. The lay-up is fed into a 
heated (set at 186,5°C) Fontijne press and compacted with a pressure of 50 
bar during 5 minutes. During this process the PP tapes are hot compacted 
and the steel fibres are impregnated with PP. Also in case of hybrids the 
production was done in one step. After compaction, the laminates are cooled 
at 40°C/min under 50 bar pressure. 
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2.5 Testing and experimental methodology 
2.5.1 Quality control and sample preparation procedure 
The quality of the produced laminates was investigated using optical 
microscopy. The presence of voids or defects was checked for all produced 
plates. Fibre volume fraction was always calculated based on the laminate 
thickness and the fabric areal density. Additionally, the fibre volume fraction 
was in certain cases also measured using a matrix burn-off test according to 
ASTM D2584 standard, to compare to the calculation based on the laminate 
thickness and based on image analysis of the composite cross section, to 
analyse local fibre volume fractions. 
Due to the difficult handelability of the Q-UD fabrics, steel fibre yarns were 
often slightly misoriented during lay-up. Figure 2-10 illustrates examples of 
the misalignment seen. The misalignment is not necessarily constant along 
the length of the sample. If the misalignment was so large that incorrect or 
earlier failure occurred (Figure 2-10a), new samples were produced. The 
average misalignment of the fibres in the longitudinal direction was 
measured on the surface of the samples and reported in Table 2-5. 
 
Figure 2-10: Examples of steel fibre / epoxy composites with a large (a) and small (b) 
misalignment of the yarns 
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Table 2-5: Measured misalignment of the fibres in the longitudinal direction 
Fibre architecture Matrix Lay-up Misalignment 
Warp Q-UD 
(section 2.2.1) 
Epoxy 
UD 6° 
Cross-ply 4° 
PA-6 
UD 2° 
Cross-ply 3° 
Weft Q-UD 
(section 2.2.2) 
Epoxy UD & Cross-ply < 2° 
PA-6 UD & Cross-ply 2° - 3° 
PP Cross-ply 3° - 4° 
 
The samples were cut to the required dimensions in case of epoxy using a 
water-cooled diamond saw and in case of a thermoplastic matrix using 
waterjet cutting, to avoid melting of the matrix during cutting. Due to the 
ductile fibres, the sample edges of all samples were thoroughly sanded to 
remove any unwanted damage introduced during the cutting procedure.  
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2.5.2 Quasi-static tensile test 
Tensile tests at room temperature were performed according to ASTM 
D3039 on an Instron 4505 machine (Figure 2-11). The displacement was 
applied at 2 mm/min, the load was recorded using a 100 kN load cell and the 
strain was measured either using an extensometer or using an optical 
extensometer (a more detailed description can be found in 2.5.5 Digital 
Image Correlation and strain mapping). In some cases, the acoustic emission 
(AE) was registered using 2 sensors (Figure 2-11). More information is 
presented in 2.5.6 Acoustic Emission registration. 
Tensile tests at elevated temperature were performed on an Instron 5985 
equiped with a temperature chamber using the same displacement rate and a 
250 kN load cell. Strain was measured using an optical extensometer 
through the furnace window. 
 
Figure 2-11: Photograph of a sample during tensile testing 
Unless otherwise stated, no end-tabs were used and the sample width was for 
the UD tensile samples 15 mm and for the cross-ply samples 25 mm. Sample 
length was 250 mm for all samples and gauge length was 150 mm as 
required by the standard (ASTM D3039). A small piece of sandpaper was 
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placed in between the clamps to prevent slippage of the sample. A minimum 
of 5 samples were tested for the same condition. 
The stiffness was measured from 0% till 0,1% of strain, not as required by 
the standard (between 0,1% and 0,3%). This was done because of the early 
yielding of the stainless steel fibres. At 0,4% of the measured strain they 
already showed 0,2% of plastic strain. 
The yield stress was calculated based on the composite stiffness and a 
specified offset of 0.2%. Strain-to-failure is determined as the strain at which 
the stress drops till zero. Only in case of a very progressively failing sample, 
the strain-to-failure is determined as the strain at which the stress drops 
below 50 MPa. The toughness (i.e. dissipated energy or area underneath the 
stress strain curve) is calculated by integrating the entire stress-strain curve. 
The speckle pattern for the optical extensometer was only applied on one 
half of the sample since the images taken during the test were also used to 
observe the formation and growth of cracks on the surface of the specimen. 
When cracks form on the surface, they reflect light in a different manner and 
therefore appear whiter. These changes in the reflection can be used to 
quantify the damage evolution on the surface of the specimen. A Matlab 
program was written to analyse these changes on the specimen surface in an 
objective manner. By calculating the average grey scale value a quantitative 
value can be given for the damage found on the surface of the tensile sample. 
This calculation was done for all images of a tensile test and a relative 
change in grey scale was calculated by dividing it by the reference image. 
These values are then reported as a function of the strain. 
2.5.3 3-point bending test 
The transverse 3-point bending test was performed according to ASTM 
D790 on an Instron 4467 (Figure 2-12). The test speed was 1 mm/min. 
Sample width was 10 mm and the span length was 50 mm. The force was 
measured using a 1 kN load cell. From the test stiffness, strength and strain-
to-failure are calculated. Only strength is reported as a measure for the 
fibre/matrix adhesion. 
 
Figure 2-12: 3-point bending set-up  
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2.5.4 Impact test 
For the assessment of impact performance, a drop weight impact test was 
performed. Only energy absorption during penetration was of interest 
because then the ductility of the stainless steel fibres could be used to its full 
potential. The test was based on the ISO 6603-2 standard. A 90x90 mm 
sample was hydraulically clamped leaving a circular opening of 40 mm in 
diameter for impact (Figure 2-13a and b). A hemispherical impactor with a 
diameter of 20 mm was dropped from a height of 1 m. The mass of the 
impactor was adapted to ensure penetration (which will be mentioned in the 
results). 
During the test both the force and displacement were measured (Figure 
2-13c). The absorbed energy (i.e. energy absorbed by the sample during 
penetration, dependant on the sample thickness) was calculated as the area 
underneath the force-displacement curve. The force measured during the 
impact on the Q-UD composite went just above 20 kN, which was the 
maximum that the equipment could measure. Hence all forces higher than 20 
kN were reported by the equipment as 20 kN. As a result, when integrating 
the force-displacement curve an error was made (underestimating the 
energy), but the error was estimated to be lower than 5%. This error was 
only present when testing the Q-UD composite. 
 
Figure 2-13: (a) Photograph and (b) illustration of the impact machine, (c) measured 
force displacement curve of an impacted sample, illustrating how the absorbed energy is 
measured 
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2.5.5 Digital Image Correlation and strain mapping 
As mentioned before, during tensile testing strain was sometimes measured 
using an optical extensometer. In this technique, images of a loaded sample 
are used to calculate a strain map of the surface. 
Prior to the test a speckle pattern is applied on the surface of the samples. 
This is done by lightly spraying both white and black paint on the surface, 
without fully coating the surface (Figure 2-14a). This way the speckle 
pattern can deform to high strains without breaking or peeling from the 
surface. 
During the test digital images of the central region of the sample are taken 
every 500 µs corresponding to 0.011% strain increments. Afterwards, the 
images are processed in a digital image correlation software Vic2D 
(LIMESS Messtechnik und Software GmbH). The software divides the 
reference image using a virtual grid in subsets. It then tries to locate and 
match each of these subsets to the deformed image. Based on the 
deformations needed to fit the reference subset on the deformed subset, the 
average displacements and deformations can be determined for this local 
subset. A full field strainmap is calculated by the software through 
interpolation between all calculated points (Figure 2-14b). 
The size of the subset and the number of subsets hence determines the 
quality and accuracy of the calculation (Figure 2-14a). A larger subset has 
more speckles and makes it easier for the program to find and match the 
subsets, but the returned deformation values are an average over a larger 
surface. Thus smaller subsets will highlight details better, but at the risk of 
losing correlation. The number of subsets can be determined using the 
stepsize, which is the amount of pixels in between the centre of two subsets. 
The software will thus calculate the strainmap based on more subsets in case 
a lower stepsize is entered. This will not necessary increase the accuracy, but 
more points are generated and hence detail is increased. A lower stepsize 
however exponentially increases the calculation time. For all tests the subset 
size and stepsize were optimised but kept constant in series of tests. A 
typical used subset size is 21 pixels (Figure 2-14a) and a typical stepsize is 2 
pixels (not on scale in Figure 2-14a). 
The software will always correlate a deformed image with the very first 
undeformed image, unless otherwise indicated in the settings: incremental 
correlation. Incremental correlation allows the software to still calculate a 
strain map if very severe deformations are applied or if the surface is locally 
damaged, for example by cracks. Some of the samples showed a high 
number of cracks at the surface and hence incremental correlation was often 
used to ensure a correctly calculated strain map. Based on the strain maps, a 
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large zone in the middle of the sample was chosen to calculate an average 
strain for the loaded specimen. 
 
Figure 2-14: (a) Reference (undeformed) image with applied speckle and (b) deformed 
image with full field strain map (longitudinal strain) 
2.5.6 Acoustic Emission registration 
In some cases during the tensile tests, the damage progression was evaluated 
using acoustic emission registration. The experimental methodology and 
data analysis were adopted from [5, 6].  
Damage initiation or propagation can emit sound waves inside a material. 
These sound waves can be measured using two acoustic sensors (VS375-M 
Vallen Systems GmbH, Germany) at the surface of the sample. One sensor is 
placed at each end of the sample by means of flexible electronic insulator 
tape with a spacing of 11 cm (Figure 2-11). Using high vacuum silicon 
grease a good connection was ensured. Sensors were left on the sample until 
final failure, because failure occurred in a ductile and soft manner. The 
signals were registered and processed by the AMSY-5 system (Vallen 
Systems GmbH, Germany, with amplifiers Vallen AEP4, amplification 
34dB, range 0.025-1.6 MHz, sample rate 5MHz). A threshold of 40 dB was 
used to suppress noise.  
Sound waves coming from outside the zone of interest, which is in between 
the two sensors, are filtered out to remove any unwanted events coming from 
the clamping or the machine. This is done based on the time difference 
between recorded events in both sensors and the measured speed of sound of 
the sample. 
Similar as in [5, 6], the energy of the AE events was recorded and plotted as 
a function of the strain. The strain of the first event and the strain at which 
the first strong increase in cumulative energy was seen is analysed (example 
in insert of Figure 2-15a). However since damage development is 
significantly different than in [5, 6] not only the cumulative energy (Figure 
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2-15a) but also the cumulative number of events (Figure 2-15b) are 
analysed. 
Graphs are created that show the average number of events that occur in 
each strain interval (Figure 2-15c) and colours in the graph differentiate 
events per energy-level. This is done until just before the failure of the 
samples to avoid averaging over the high number of events occurring at final 
failure. Since these graphs are not cumulative, events with a low energy are 
still visible at higher strains.  
 
Figure 2-15: Examples of (a) cumulative energy curves and illustration of how the first 
event and first strong increase in energy is determined (insert), (b) cumulative number 
of events and (c) average number of events that occur per strain interval 
 
2.5.7 Statistical analysis 
All results are reported with the Student’s t 95% confidence interval. For 
data comparison the t-test was used and a p-value of 0.05 (95% confidence) 
was used as statistical significance. If possible, multiple experiments were 
combined in a full factorial design and analysed using analysis of variance 
(ANOVA).  
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2.5.8 General overview of produced composites and tests 
Table 2-6 presents an overview of the produced composites, their lay-up and 
performed tests. The lay-up of the hybrids will be presented in chapter 7. 
Thickness, fibre volume fraction and quality of the composites is presented 
in the separate chapters. 
Table 2-6: Overview of produced composites and tests 
Fibre architecture Matrix Lay-up Tests 
 
Chapter 4: Influence of the matrix properties  
Warp Q-UD 
Epoxy (0°)3 Tensile 
(0,90°)s Tensile 
Ductile PA-6 (0°)4 Tensile 
(0,90°)s Tensile 
 
Chapter 5: Influence of the fibre architecture  
Weft Q-UD PP (0,90°)2s 
Tensile 
Impact 
Basket weave PP (0°)4 
Tensile 
Impact 
Satin weave PP (0°)5 
Tensile 
Impact 
Weft Q-UD Epoxy (0°)3 Tensile (0,90°)s Tensile 
Weft Q-UD 
(PET yarns removed) Epoxy 
(0°)3 Tensile 
(0,90°)s Tensile 
 
Chapter 6: Modification of the adhesion  
Weft Q-UD 
Epoxy (0°)3 
Tensile 
Bending 
(0,90°)s Tensile 
PA-6 (0°)4 
Tensile 
Bending 
(0,90°)s Tensile 
 
Chapter 7: Hybridisation  
Weft Q-UD + carbon satin weave Epoxy Lay-up is 
presented in 
the chapter 
Tensile 
Weft Q-UD + glass twill weave Epoxy Tensile 
Weft Q-UD + PP twill weave PP Tensile Impact 
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Chapter 3 
Model-based stiffness comparison of 
structural materials and steel fibre composites 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
He who loves practice without theory is like the sailor who boards 
ship without a rudder and compass and never knows where he may 
cast. 
 Leonardo da Vinci  
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3 Model-based stiffness comparison of structural 
materials and steel fibre composites 
3.1 Introduction 
In the introductory chapter it was shown that steel combines a high (specific) 
stiffness with a high strain-to-failure. Due to this combination, steel lies 
outside of the typical curve which marks a trade-off between stiffness and 
strain-to-failure. 
However, this is only presented for the fibre itself and only a comparison 
between different reinforcing fibres is possible. Therefore this chapter will 
use simple micromechanical models to predict the stiffness of composites 
made of steel fibres and compare them to traditional structural materials such 
as steel, titanium, aluminium, glass fibre composites and carbon fibre 
composites. 
These simple stiffness models should render good predictions, which is 
much more difficult than in case of strength or toughness models. Hence in 
this chapter only stiffness of steel fibre composites and its hybrids will be 
discussed. 
 
3.2 Modelling methodology 
Stiffness of a UD and cross-ply laminate were estimated using Chamis’ 
formulae [1]. The stiffness of a 0° ply is estimated based on the following 
equation: 
𝐸0° = 𝐸𝑓1 ∙ 𝑉𝑓 + 𝐸𝑚 ∙ �1 − 𝑉𝑓� , 3-1 
where Ef1 and Em are the stiffness of respectively the fibre (along its length) 
and the matrix (Table 3-1). Vf is the fibre volume fraction, which is used as 
a parameter in the following graphs. 
The stiffness of a 90° ply is estimated based on the following equation. E90° = Em
1−�Vf∙�1−
Em
Ef2
�
 , 3-2 
where Ef2 is the stiffness of the fibre in the transverse direction (Table 3-1). 
This equation does not take into account Poisson coefficients. 
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The stiffness of a cross-ply laminate is estimated using the isostrain 
assumption and neglects the Poisson interactions between the different plies:  Ecross−ply = E0° +E90° 2  3-3 
In case of weight sensitive applications not only the stiffness plays a role, 
but also the ratio between stiffness and density. Depending on the 
application, three material design parameters can be used [2, 3]: 
Tensile loading: 𝐄𝟏
𝛒
 3-4 
Bending loading of a beam: √𝐄𝟏
𝛒
 3-5 
Bending loading of a plate: �𝐄𝟏𝟑
𝛒
 3-6 
The density of the composite is calculated as follows: 
ρcomposite = ρf ∙ Vf + ρm ∙ (1 − Vf) , 3-7 
where ρf and ρm are the density of respectively the fibre and the matrix 
(Table 3-1). 
The previous expressions however do not account for a difference in 
stiffness in bending due to the lay-up of the material. This can already play a 
role in a cross-ply laminate, but if the number of layers is sufficiently high 
and the 0° and 90° layers are homogeneously distributed, then the 
calculation should give a good approximation. 
In case of hybrids however, the stacking sequence can play an important role 
since the fibres used for hybridisation have a different stiffness. When 
considering the toughness of steel fibres and the fact that it could be used for 
applications where impact is important, it makes sense to place the steel 
fibres at the outside of the laminate. Hence when modelling the hybrids, first 
Chamis’ formulae are used to estimate the layer properties and then the 
hybrids are modelled using the classical laminate theory calculating the 
bending stiffness of a lay-up where the steel fibre layers are always placed  
as a top and bottom layer (Figure 3-1a). As a parameter, the thickness of the 
different layers is changed. The total thickness of the laminate remains the 
same and hence the thickness of the different layers can be used to calculate 
the volume fraction of the different layers. Since the density of the steel 
fibres is important, additionally  the volume fraction of the steel fibres inside 
the steel fibre layer is varied between 30% and 100% (a full steel plate). 
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Fibre volume fraction of the other layers is 50% in case of carbon and glass 
and 90% in case of self-reinforced PP, which are typical values to limit the 
number of calculations. The high volume fraction chosen for self-reinforced 
PP is plausible since only a small outer portion of drawn PP tapes is melted 
and becomes the matrix upon compaction. 
The hybrid which includes three types of fibres (steel, carbon or glass and 
self-reinforced PP) assumes a fibre volume fraction of 40% steel fibres in the 
steel layer, 50% carbon fibres in the carbon layer and 90% drawn PP in the 
self-reinforced layer. Stacking sequence is (steel, carbon or glass, steel, self-
reinforced PP)s. This was chosen to maximize bending stiffness and possibly 
impact performance by placing the brittle layers in between the ductile steel 
layers (Figure 3-1b). The relative amount of the different reinforcing layers 
was altered by changing the thickness of the different layers. 
For calculations using the classical laminate theory, Poisson’s ratio and shear 
stiffness are required which are presented in Table 3-1. 
 
Figure 3-1: Lay-up chosen for modelling of hybrids with (a) two fibre types and (b) 
three fibre types  
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Table 3-1: Mechanical properties of different materials used for modelling 
Materials Stiffness [GPa] Density [g/cm³] 
Poisson’s 
ratio 
Shear stiffness 
[GPa] Ef1 Ef2 
Steel [4] 200 200 7.8 / / 
Titanium [5] 116 116 4.5 / / 
Aluminium [6] 70 70 2.7 / / 
Steel fibre [4] 200 200 7.8 0.3 74.23 
Glass fibre [7] 70 70 2.58 0.3 25 
Carbon fibre [8] 250 18 1.78 0.3 26.92 
Drawn PP [9] 10 0.9 0.9 0.3 0.80 
     
 Stiffness [GPa] (Em) 
Density 
[g/cm³] 
Poisson’s 
ratio 
Shear stiffness 
[GPa] 
Matrix 3 1 0.4 1.07 
Matrix in case of 
hybrids with 
drawn PP 
0.9 0.9 0.3 0.35 
 
3.3 Stiffness and specific stiffness of UD and cross-ply 
composites 
3.3.1 Stiffness and density 
Figure 3-2a Presents the stiffness of three typical metals (steel, titanium and 
aluminium) and UD glass, UD carbon and UD steel fibre composites, in 
function of the fibre volume fraction. The same abbreviations will be used 
throughout this chapter and are as follows: Steel (Fe), titanium (Ti), 
aluminium (Al), glass fibre composite (GFRP), carbon fibre composite 
(CFRP) and steel fibre composite (StFRP). 
Figure 3 1b presents the same metals, but now the composites are cross-ply 
laminates and hence possess a lower stiffness. In case of a fibre volume 
fraction of ±50%, UD steel fibres outperform aluminium and UD glass fibre 
composites and it has only a ±20% lower stiffness than UD carbon fibre 
composites. In case of  fibre volume fraction of ±60% it has an equal 
stiffness as titanium. 
For cross-ply composites the stiffness of steel fibre composites is still 
comparable to the stiffness of carbon fibre composites and higher than glass 
fibre composites. In this case it is however in the same region as aluminium 
and lower than titanium. 
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Figure 3-2: Modelled stiffness of (a) UD laminates and (b) cross-ply laminates with glass, 
carbon and steel fibres 
Figure 3-3 presents the density of the different materials. For steel fibre 
composites, the density in function of the fibre volume fraction shows a high 
slope, due to the high density of steel. Hence at a fibre volume fraction of ± 
50%, it has a density similar as titanium, but is 60% heavier than aluminium, 
1.5 times heavier than glass fibre composites and 2 times heavier than 
carbon fibre composites with a similar fibre volume fraction. 
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Figure 3-3: Modelled density of glass, carbon and steel fibre composites for different 
fibre volume fractions 
 
3.3.2 Specific stiffness in tension 
In case of designing for stiffness and weight sensitive applications, loaded in 
tension, the stiffness can simply be divided by the density (equation 3-4). 
The specific stiffness is the reason for the high interest in carbon fibre 
composites since it clearly out-performs all metals (Figure 3-4). 
To keep the graph clear not the entire curve of a UD carbon fibre composite 
is shown (Figure 3-4a). UD Steel fibre composites however still outperform 
UD glass fibre composites and have a specific stiffness which is only ± 10% 
lower than steel, aluminium and titanium if the fibre volume fraction is ± 
50%. 
The specific stiffness of all cross-ply composites is lower, due to their lower 
stiffness. However, despite the high density of steel fibres, they still perform 
comparable to glass fibre composites. 
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Figure 3-4: Modelled specific stiffness in tension of (a) UD laminates and (b) cross-ply 
laminates with glass, carbon and steel fibres 
 
3.3.3 Specific stiffness in beam and plate bending 
The density becomes even more important in calculations of the specific 
stiffness for beam (Figure 3-5) and plate (Figure 3-6) bending. It is not 
surprising that in this case steel fibre composites are outperformed by both 
glass and carbon composites. Carbon composites have the highest specific 
stiffness in all cases and glass fibre composites show either a higher or equal 
specific stiffness as that of aluminium or titanium. 
UD steel fibre composites always perform  better in beam and plate bending 
specific stiffness than 100% steel. At fibre volume fractions lower than 50%, 
UD steel fibre composites also outperform titanium. Only in case of specific 
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plate bending stiffness, steel fibre composites with a fibre volume fraction 
lower than 18% outperform aluminium. 
Cross-ply steel fibre composites only outperform a full steel beam in case of 
fibre volume fractions lower than 40% and always have a lower specific 
beam bending stiffness than titanium. In case of specific plate bending 
stiffness steel fibre composites outperform a steel plate at fibre volume 
fractions lower than 70% and titanium at fibre volume fractions lower than 
30%. 
Due to the high density of steel fibre composites, in weight sensitive bending 
applications they cannot compete with glass and carbon composites. 
However they could still compete if weight is less critical and toughness is 
more important. Or they can be hybridised with glass or carbon fibres to 
further lower the density. 
 
Figure 3-5: Modelled specific stiffness in beam bending of (a) UD laminates and (b) 
cross-ply laminates with glass, carbon and steel fibres 
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Figure 3-6: Modelled specific stiffness in plate bending of (a) UD laminates and (b) 
cross-ply laminates with glass, carbon and steel fibres 
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3.4 Hybridisation 
3.4.1 Hybridisation with carbon or glass fibres 
Hybridisation with traditional composites can be analysed from two points 
of view. The aim is either to reduce the density of steel fibre composites 
while keeping as much as possible the stiffness, or to increase the toughness 
of traditional composites without sacrificing the stiffness. Figure 3-7 shows 
as a dotted line three carbon-steel hybrids and three glass-steel hybrids. The 
ratio of volume of steel fibres to the total volume fibres is 25%, 50% and 
75%. Only UD hybrids are modelled. 
In absolute stiffness (Figure 3-7a), adding carbon fibres to a steel fibre 
composite, increases the stiffness, while adding glass decreases it. In specific 
stiffness (Figure 3-7b), a strong improvement can be seen when adding 
carbon fibres to a steel fibre composite. In the case of ±50% fibre volume 
fraction, the specific stiffness for tension can be doubled by replacing half of 
the steel fibres by carbon fibres. No large changes in specific stiffness are 
expected when replacing steel fibres with glass fibres. 
Also in specific stiffness for plate bending (Figure 3-7c), a large increase can 
be seen when replacing steel fibres by carbon fibres. However, the increase 
is not linear and hence 75% of the steel fibres need to be replaced to increase 
the specific stiffness in plate bending by a factor 2. Also by replacing steel 
fibres with glass fibres an improvement is predicted. In this case however an 
additional improvement could be expected from an optimised lay-up for a 
high bending stiffness. 
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Figure 3-7: Modelled stiffness (a), specific stiffness (b) and specific stiffness in plate 
bending (c) of UD hybrid laminates of steel and glass or carbon fibres 
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Figure 3-8 shows the stiffness of hybrid laminates (based on Figure 3-1a) 
with steel and carbon fibres calculated using the classical laminate theory. 
Two parameters are altered. The first parameter is presented on the X-axis 
and is the volume fraction of the steel fibre layer (i.e. the thickness of the 
layers). The second parameter is the volume fraction of fibres inside the steel 
fibre layer. This is indicated by the different lines and increases in steps of 
10% from 30% fibre volume fraction till 100%. 100% is indicated as a red 
line since in this case the layer used for hybridising is a full steel plate. 
The fibre volume fraction of the fibres inside the carbon fibre layers is not 
altered to limit the number of possibilities and is a typical value: 50%. The 
stiffness (Figure 3-8a) of a 50% fibre volume fraction carbon fibre 
composite is seen on the left (0% steel fibre layer). The stiffness of the steel 
fibre composites with 30% till 100% (red line, steel plate) fibre volume 
fractions can be seen on the right (100% steel fibre layer). For these 
calculations 193 GPa was used as steel fibre stiffness, which is the stiffness 
of a stainless steel alloy.  
In the case of absolute stiffness (Figure 3-8a), an increase is only seen if the 
steel fibre layer has a higher fibre volume fraction than 60% due to the 
similar stiffness of the reinforcing fibres (193 GPa compared to 250 GPa). In 
the case of specific stiffness (Figure 3-8b), however always a decrease is 
seen compared to the reference carbon fibre composite. Which means that 
when starting from a 100% steel fibre composite, the specific stiffness can 
be increased by 2 if 50% of the thickness is carbon fibre composite, similarly 
to the one predicted before. 
While a steel plate has a higher specific stiffness than a steel fibre 
composite, at volume fractions of steel fibre layers below ± 75% a shift 
occurs and hybrid steel fibre composites outperform hybrids with solid steel 
layers. This is due to the high density of a steel plate compared to a steel 
fibre composite and hence a small loss in stiffness (less steel) is 
compensated by a larger loss in density. 
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Figure 3-8: Modelled stiffness (a) and specific stiffness in tension (b) of UD steel and 
carbon hybrid laminates (according to Figure 3-1a) with different volume fractions of 
steel fibre composite layers and different fibre volume fractions inside the steel fibre 
composite layer 
Due to the similar stiffness of the reinforcing fibres, no large differences are 
expected for bending properties (Figure 3-9a). Since the steel fibres are 
placed in the top and bottom of the laminate a nonlinear increase or decrease 
in stiffness can be seen depending on the fibre volume fraction in the steel 
layer. 
Since only small differences are noticed between specific stiffness for beam 
bending and plate bending, only plate bending is shown (Figure 3-9b). The 
specific stiffness in plate bending is always higher for a steel fibre composite 
compared to a steel plate and hence a higher specific stiffness in bending is 
seen for lower fibre volume fractions of steel fibres. However, as mentioned 
before, to increase the specific stiffness in beam bending, a high percentage 
of steel fibres need to be replaced by carbon fibres. While in tension the 
specific stiffness can be doubled by replacing 50% of the steel fibres, in 
bending nearly 75% of the fibres need to be replaced, which corresponds to 
the Figure 3-7b.  
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Figure 3-9: Modelled (a) bending stiffness and (b) specific stiffness in plate bending of 
UD steel and carbon hybrid laminates with (according to Figure 3-1a) different volume 
fractions of steel fibre composite layers and different fibre volume fractions inside the 
steel fibre composite layer 
When adding steel fibres to a glass fibre composite (Vf 50%), stiffness 
always increases due to the high stiffness of the steel fibres (Figure 3-10a). 
This is also the case for specific stiffness since the specific stiffness of a UD 
steel fibre composite is higher than a UD glass fibre composite (with similar 
fibre volume fractions). This means that hybridisation of glass with steel will 
always improve the specific stiffness in tension and perhaps with an 
additional improvement in toughness as well. 
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Figure 3-10: Modelled (a) stiffness and (b) specific stiffness of UD steel and glass hybrid 
laminates with different volume fractions of steel fibre composite layers and different 
fibre volume fractions inside the steel fibre composite layer 
The bending stiffness shows a similar trend, but is not linear. At lower 
volume fractions of steel fibre composite, the bending stiffness of the hybrid 
increases more than linear. 
The highest specific plate bending stiffness can be seen at very low fractions 
of steel fibre layers (3% of the total thickness of the laminate). The highest 
improvement is by replacing the outer layers of glass fibre composite by a 
steel plate, meaning that a glass fibre composite is sandwiched by 2 thin 
steel plates. This could be compared to the GLARE material where glass 
fibre composite is sandwiched in between aluminium plates [10]. However, 
in GLARE multiple aluminium and glass fibre layers are stacked whereas in 
this case only one layer of glass fibres is modelled. The difference is 
however small between a sandwich with steel plates and a sandwich with 
steel fibre composites. Moreover, the region in which no loss in specific 
plate bending stiffness is seen compared to the glass fibre composite is larger 
in case of steel fibre composites with a lower fibre volume fraction. Or, 
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otherwise stated, the lower the fibre volume fraction of the steel fibres in the 
steel layer, the higher the thickness of the steel layer can be, without loss in 
specific plate bending stiffness.  
In plate bending stiffness the steel fibres in certain fractions outperform a 
steel plate. Additional benefits can, however, be present when using fibres 
compared to a steel plate, such as a better adhesion due to a higher surface 
area, different fracture behaviour and the possibility to use standard 
composite processing techniques. 
 
Figure 3-11: Modelled (a) bending stiffness and (b) specific stiffness in plate bending of 
UD steel and glass hybrid laminates with different volume fractions of steel fibre 
composite layers and different fibre volume fractions inside the steel fibre composite 
layer 
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3.4.2 Hybridisation with self-reinforced PP 
In the previous two examples steel fibre layers were hybridised with 
traditional composites which have a high specific stiffness, but as mentioned 
earlier, a low strain-to-failure. Steel fibres can however also be hybridised 
with composites which already have a high strain-to-failure, but lack 
stiffness. Through hybridisation, it could be expected that the strain-to-
failure remains unaltered but stiffness can be strongly increased, mainly in 
bending if the lay-up is taken into account. 
Self-reinforced PP (SRPP) is an example of a composite which has a high 
strain-to-failure, but a low stiffness. Figure 3-12a and b show that 
respectively the stiffness and specific stiffness can be greatly increased by 
hybridising this material with steel fibre composites. Similar as the 
calculations for carbon and glass hybrids, the ratio of volume fraction of 
steel fibres to the total volume fraction fibres is 25%, 50% and 75% and only 
UD hybrids are modelled. 
When adding carbon fibres to a steel fibre composite, a high amount of 
fibres needs to be replaced to increase the specific stiffness. This is not the 
case when steel fibres are added to increase the specific stiffness of a self-
reinforced composite (Figure 3-12b, dotted green lines). 
For specific stiffness in plate bending, a decrease can be seen when adding 
steel fibres in higher fibre volume fractions (Figure 3-12c), however when 
adding only ±25% steel fibres, a specific stiffness in plate bending which is 
higher than aluminium and comparable to glass fibre composites is predicted 
(highest dashed line in Figure 3-12c). 
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Figure 3-12: Modelled (a) stiffness, (b) specific stiffness and (c) specific stiffness in plate 
bending of UD hybrid laminates with steel fibres and self-reinforced PP 
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Figure 3-13 is calculated using the classical laminate theory and illustrates 
that adding steel fibre layers to a self-reinforced composite always increases 
the stiffness and specific stiffness despite the higher density of the steel fibre 
layers. This is due to the very high stiffness difference between the steel 
fibre composite layers and the self-reinforced PP. 
 
Figure 3-13: Modelled (a) stiffness and (b) specific stiffness in tension of UD steel and 
self-reinforced PP hybrid laminates with different volume fractions of steel fibre 
composite layers and different fibre volume fractions inside the steel fibre composite 
layer 
An improvement in bending stiffness is predicted due to the lay-up with the 
steel on the outside which is similar as for the glass fibre hybrids (Figure 
3-14). Also the specific bending stiffness shows a similar pattern as the 
hybrids with glass.  
The highest specific plate bending stiffness is achieved by using solid steel 
layers, which represent 5% of the total thickness of the laminate. Compared 
to hybrids with glass fibres, larger amounts of self-reinforced PP can be 
replaced by steel fibre layers without loss in specific plate bending stiffness. 
33% of the thickness can be replaced by solid steel plates, while up to 53% 
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can be replaced by a steel fibre composite with a fibre volume fraction of 
50%. 
 
Figure 3-14: Modelled (a) bending stiffness and (b) specific stiffness in plate bending of 
UD steel and self-reinforced PP hybrid laminates with different volume fractions of steel 
fibre composite layers and different fibre volume fractions inside the steel fibre 
composite layer 
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3.4.3 Hybridisation with self-reinforced PP and carbon fibre 
composite 
Typical hybridisation contain two fibre types: a low elongation fibre type  
(e.g. carbon) and a high elongation fibre type (e.g. glass). Since there is a 
trade-off between strain-to-failure and stiffness, this respectively means a 
stiff and less stiff fibre. In case of steel however, both the stiffness and 
strain-to-failure are high, but there is an added parameter: density. Thus, to 
optimize three parameters (strain-to-failure, stiffness and density), hybrids 
with three fibre types, each containing two of the optimal parameters are 
combined (Table 3-2). 
Table 3-2: Fibre types and their (dis)advantages 
 
Because toughness of a material depends on the fracture behaviour, it 
requires more complex modelling and/or experimental testing. In this 
chapter only stiffness and density are discussed. To aim at high impact 
performance, the brittle carbon layers are not placed at the outside of the 
laminate [11], but in between steel fibre composite layers. This hybrid is 
then placed on top and bottom of a self-reinforced PP composite to 
maximise the bending stiffness (according to Figure 3-1b). 
Stiffness is presented in ternary diagrams, to facilitate the presentation of 
hybrids based on three fiber types (Figure 3-15). Modelling is done based on 
UD materials. The corners of the diagram indicate 100% of the volume is 
either steel fibre/PP composite (Vf = 40%), carbon fibre/PP composite (Vf = 
50%) or self-reinforced PP (Vf = 90%). 
Stiffness of the hybrid can be improved by increasing the content of carbon 
and steel, while specific stiffness can more strongly be improved by 
increasing the content of carbon fibres. 
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Figure 3-15: Ternary diagrams of (a) stiffness and (b) specific stiffness of hybrid 
laminates with steel fibre/PP composite, carbon fibre/PP composite and self-reinforced 
PP 
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Similarly, the bending stiffness can be improved by increasing steel and 
carbon content, while specific plate bending stiffness can be improved by 
increasing the carbon and drawn PP content.  
 
Figure 3-16: Ternary diagrams of (a) bending stiffness and (b) specific stiffness in plate 
bending of hybrid laminates with steel fibre/PP composite, carbon fibre/PP composite 
and self-reinforced PP 
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Hence no real additional increase in stiffness properties is expected when 
adding steel fibres to a carbon fibre / self-reinforced PP hybrid. For  
toughness, however, it is expected that a higher steel fibre content could lead 
to a higher strain-to-failure and better impact properties. Thus, additional 
experiments supported by these diagrams should be done to search for an 
optimum to combine (specific) stiffness and (specific) toughness. 
 
3.4.4 Hybridisation with self-reinforced PP and glass fibre composite 
A similar strategy can be applied to hybrids of glass fibre composite, steel 
fibre composite and self-reinforced PP. The corners of the diagram indicate 
100% of the volume is either steel fibre/PP composite (Vf = 40%), glass 
fibre/PP composite (Vf = 50%) or self-reinforced PP (Vf = 90%). The main 
difference is that the stiffness of glass fibres is much lower. Hence stiffness 
increase is mainly achieved by adding steel, while an increase in specific 
stiffness can be achieved by adding both glass and steel. 
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Figure 3-17: Ternary diagrams of (a) stiffness and (b) specific stiffness of hybrid 
laminates with steel fibre/PP composite, glass fibre/PP composite and self-reinforced PP 
Also for bending stiffness a high steel content is beneficial, but due to the 
higher density, this tendency is reversed for the specific plate bending 
stiffness which is improved by increasing the drawn PP content.  
Model-based stiffness comparison of structural materials and steel fibre composites 
  79 
 
 
Figure 3-18: Ternary diagrams of (a) bending stiffness and (b) specific stiffness in plate 
bending of hybrid laminates with steel fibre/PP composite, glass fibre/PP composite and 
self-reinforced PP 
Similar as in the case with carbon, an optimum must be sought with the help 
of these graphs and a model for the toughness.  
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3.5 Concluding remarks 
The simple micromechanical models predict that steel fibre composites can 
possess a stiffness which is comparable to titanium and higher than 
aluminium. The specific stiffness in tension is always slightly lower than for 
metals, but in plate bending the specific stiffness is always higher than of a 
full steel plate and comparable to titanium plate. 
Steel fibre composites can only compete with carbon fiber composites in 
absolute stiffness. The low density of carbon results in very high specific 
stiffness properties. Steel fibre composites however have a similar specific 
stiffness in tension as glass fibre composites, but cannot compete with them 
in specific bending stiffness. Hence compared to traditional composites the 
advantages of steel fibre composites are in the high ductility and toughness 
of the steel fibres. 
To overcome the high density of steel, the use of hybrids is a promising 
route. On a stiffness basis, this appears to be mainly beneficial for hybrids 
with glass fibres or drawn PP. In these cases an added benefit in bending is 
predicted if the steel is placed at the top and bottom of the laminate. Only in 
plate bending stiffness the steel fibres outperform a steel plate. However 
additional benefits can be present when using fibres compared to a steel 
plate. 
Hybrids containing three types of fibres can be considered. A higher content 
of steel fibres can be used to increase absolute stiffness in tension and 
bending, while a higher content of carbon or glass fibres is beneficial for the 
specific stiffness in tension and bending. For toughness predictions an 
additional model or experiments are needed, but it is expected that this will 
mainly benefit from a higher steel fibre and drawn PP content. Hence an 
optimum needs to be sought. 
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4 Influence of the ductility of the matrix 
4.1 Introduction 
From the introductory chapter it is clear that steel fibres offer a unique 
combination of stiffness and strain-to-failure and from the previous chapter 
it could be concluded that composites made with these fibres could deliver 
polymer composites with a high stiffness. On a weight basis, however, 
mainly the high strain-to-failure is an important advantage to compete with 
traditional polymer composites. In order to achieve the high toughness, the 
full potential of the strain-to-failure of the fibres needs to be translated into 
the composite. Mechanical properties of the matrix play an important role in 
this translation. Hence, in this chapter the influence of the ductility of the 
matrix on the tensile properties of stainless steel fibre composites is 
investigated. 
In traditional polymer composites, reinforced with carbon or glass fibres, it 
is known that shifting from brittle matrices to ductile matrices can strongly 
improve the fracture toughness and impact toughness [1-3]. In carbon fibre 
composites, a more ductile matrix has also shown to increase notch 
resistance and fatigue resistance [4, 5]. In these studies, however, the fibre 
has a lower strain-to-failure than the matrix. Improvements are hence 
typically noticed for matrix dominated properties, rather than for fibre 
dominated properties. 
Composites where fibres have a higher strain-to-failure than their matrix can 
be found, for example, in metal and ceramic matrix composites [6-9]. The 
benefit of fibres with a higher strain-to-failure in these systems is to improve 
the strain-to-failure of the overall composite and hence the influence of the 
fibres and fibre/matrix interphase properties are investigated rather than the 
strain-to-failure of the (brittle) matrix. It is however reasonable to assume 
that a matrix with a higher strain-to-failure in these cases will delay matrix 
cracking and hence delay tensile failure, which is also supported by 
modelling work [10]. It is likely that also in this research a more ductile 
matrix will show better results. 
In the current work the strain-to-failure of the fibre is higher than that of a 
typical thermoset matrix (e.g. epoxy), but lower than of a typical 
thermoplastic matrix (e.g. PA-6). Only two studies were found,  were a 
direct comparison of the tensile properties was done for the same fibre in 
two matrices, one with a ductility higher than the fibre, and another with a 
ductility lower than the fibre [11, 12]. In these studies ductile steel filaments 
are used to make composites with epoxy, epoxy with a plasticizer, PEEK 
and PI (polyimide). A higher failure strain of the matrix resulted in a higher 
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strain-to-failure of the composite. The study on epoxy and PEEK also report 
a different fracture morphology for the more ductile matrix systems [11]. 
Considering the differences in failure behaviour between polymer matrix 
composites and metal or ceramic matrix composites, also the difference in 
fracture behaviour of the steel fibre composites with a brittle and a ductile 
matrix is of particular interest. 
 
4.2 Methodology 
4.2.1 Quality control of the composites 
The steel fibre weave architecture used in this chapter is the warp Q-UD 
(section 2.2.1). The matrix used is a rather brittle epoxy and a ductile PA-6 
(section 2.3). 
After production of the composites, a quality control and microstructural 
analysis were performed. Due to the difficult handelability of the fabric, the 
steel fibre yarns were found to be slightly misoriented during lay-up. The 
misalignment was measured on the surface for all specimens and is reported 
together with the results. Examination of the composite cross-sections, using 
optical microscopy (OM), showed no voids, dry areas or residual thermal 
cracks (Figure 4-1). 
 
Figure 4-1: Optical microscopy images from (a) a cross-section of the UD epoxy 
laminate and (b) a close-up on fibres inside a yarn. 
The fibre volume fraction of the UD epoxy laminate was estimated using 
three procedures: (1) a matrix burn-off test according to ASTM D2584 
standard, (2) image analysis and (3) calculations based on the fabric areal 
density and the composite thickness. Good correlation between these 
techniques was found (Table 4-1). The fibre volume fraction for all other 
composites was determined using the third approach. 
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Table 4-1: Fibre volume fractions of the produced composites using different methods 
Composite Matrix 
Laminate 
thickness 
[mm] 
Vf, [%] 
areal weight 
approach 
Vf, [%] 
image analysis 
approach 
Vf, [%] 
matrix burn-
off test  
UD 
Epoxy 1.75 ± 0.04 44.0 ± 1.0% 42.7 ± 2.5% 44.8 ± 2.7% 
PA-6 1.99 ± 0.02 41.1 ± 0.5% 42.0 ± 3.0%  
Cross-ply Epoxy 2.01 ± 0.02 43.0 ± 0.5%   
 PA-6 2.01 ± 0.02 43.7 ± 0.5%   
 
The steel fibres remain in bundles after impregnation. In some cases, the 
polygonal fibres are packed hexagonally, resulting locally in very high fibre 
volume fractions (Figure 4-2). The average fibre volume fraction measured 
inside the yarns, using image analysis, ranges between 55% and 65%. As 
shown in Figure 4-2, the fibres have irregular hexagonal cross-sections. 
Being drawn in bundles, they plastically deform to fit an approximatly 
hexagonal packing. Using SEM it could be confirmed that even closely 
packed fibre bundles were well impregnated with no sign of voids or dry 
areas. 
 
Figure 4-2: An SEM image of the composite cross-section showing good impregnation of 
closely packed fibre bundles. 
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4.2.2 Stiffness modelling 
An in-house developed software tool, WiseTex [13], was used to 
geometrically model the architecture of the Q-UD fabric. The geometrical 
model is then transferred to the TexComp software tool [14] to predict the 
Young’s modulus of the composite. This tool makes predictions based on the 
Eshelby solution and the Mori-Tanaka homogenization. The output of this 
model is used in the classical laminate theory to calculate the composite 
stiffness of the cross-ply laminates. The properties of the constituent 
materials are taken as follows: stainless steel fibre (Young’s modulus E=193 
GPa, Poisson’s ratio ν=0.3, PET-fibre E=3 GPa, ν = 0.3), epoxy matrix(E = 
3 GPa, ν = 0.3). The same material properties will be used in other chapters, 
unless otherwise stated. The fibre volume fraction is assumed to be 44% in 
the model for the epoxy UD composites, 41% in the model for the PA-6 
composites and 43% for both cross-ply composites. 
 
4.3 Results for UD composites 
4.3.1 Tensile properties 
Figure 4-3 shows representative stress-strain curves of the UD steel fibre 
composites (as measured (a) and normalized (b) to the fibre volume fraction 
of 45%). Normalization was done by dividing the stress by the ratio between 
the calculated fibre volume fraction and 45%. This calculation hence 
normalizes to the same fibre content, but a small error is made by neglecting 
the contribution of the resin. 
𝜎𝑛𝑜𝑟𝑚 = 𝜎𝑉𝑓
45%
, 4-1 
With σ the experimentally measured stress and σnorm the normalised stress 
It is clear that the steel fibre/PA6 composite has a much higher strain-to-
failure than the steel fibre/epoxy composite (Table 4-2). The ductility of the 
matrix seems to have an important influence on the ductility of the 
composite. The use of a more ductile matrix increases the strain-to-failure of 
the composite by almost 75%. Due to difficulties in achieving a correct 
failure mode (i.e. failure away from the clamps) in the UD steel fibre/PA6 
composite, it is expected that the intrinsic strain-to-failure of this material is 
even higher than the one measured in this study. 
It is important to note that from these tests it cannot be concluded whether 
the higher ductility of the PA-6 is the only reason for the higher strain-to-
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failure of the composite, since also the fibre/matrix interface is changed. The 
epoxy is a thermoset matrix, it thus can chemically react with the fibres and 
form covalent bonds during the production. This is in contrast with the PA-6, 
where mainly hydrogen bonds are present. In chapter 6 tests will be 
conducted where only the interface or only the ductility of the matrix is 
altered. 
 
Figure 4-3: (a) Representative measured stress-strain curves of the UD steel fibre/epoxy 
and the UD steel fibre/PA-6 laminates, (b) Representative stress-strain curves 
normalized to a fibre volume fraction of 45% 
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Table 4-2: Tensile properties of the UD steel fibre composites 
 Steel/Epoxy Steel/PA-6 
Fibre volume fraction 44.0 ± 1.0% 41.1 ± 0.5% 
Stiffness [GPa] - experimental 67.0 ± 2.4 73.2 ± 2.8 
Specific Stiffness [GPa.cm³/g] - 
experimental 16.0 ± 0.6 18.3 ± 0.7 
Stiffness [GPa] – theoretical  
Not accounting misalignment 
Accounting misalignment 
 
86.8 
65.0 
 
80.4 
70.5 
Average measured misalignment 6° 2° 
Yield stress [MPa] σyield 166.1 ± 5.0 168.4 ± 4.6 
Strength [MPa] σUTS 259.6 ± 7.7 265.6 ± 17.8 
Strain-to-failure, % εult 7.3 ± 0.3 12.7 ± 3.0 
   
Normalized to Vf = 45%   
Normalized stiffness [GPa] 68.5 ± 2.5 80.3 ± 3.1 
Normalized yield stress [MPa] σyield 169.9 ± 5.1 184.8 ± 5.0 
Normalized strength [MPa] σUTS 265.5 ± 7.9 291.5 ± 19.5 
 
The experimentally measured stiffness of the UD composites is significantly 
lower than the one predicted by the WiseTex and TexComp models (Table 
4-2). This can be attributed to the misalignment of fibres. When the average 
fibre misalignment measured on the surface of the samples is included in 
calculations (i.e. using the classical laminte theory, the laminate is rotated 6° 
for the steel fibre/epoxy and 2° for the steel fibre/PA-6 composites and 
stiffness in the 0° direction is recalculated), a good correlation between 
theory and experiment is obtained (Table 4-2). 
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Figure 4-4: Theoretical stiffness decrease due to the misalignment of steel fibres in UD 
composites with epoxy and PA-6 matrices 
The stiffness of the UD steel fibre composites falls in between the stiffness 
values of carbon fibre and glass fibre composites. More specifically, it is 
approximately half the stiffness of a typical carbon fibre composite, but 
double that of a glass fibre composite (with similar fibre volume fractions). 
The density of the steel fibre composites is however higher. When 
comparing specific stiffness (Table 4-2), it is comparable to that of a glass 
fibre composite, but more than four times lower than specific stiffness of a 
carbon fibre composite. The steel fibre  composites are, therefore, not 
competition to carbon fibre composites in weight sensitive applications, 
unless the strongly improved toughness (and related properties such as 
impact or fatigue resistance) is important. For weight sensitive applications, 
hybrid composites of steel and carbon fibres could be an interesting solution, 
where the added weight can be balanced with the added toughness. 
All UD epoxy laminates show a lower normalized stress at a given strain 
(Figure 4-3) compared to the UD PA-6 laminates. The lower stress is not 
clearly visible in the linear elastic region due to the high stiffness, however 
after the yield point, the slope of the stress-strain curve decreases and 
differences become more pronounced. The maximum difference is ±20 MPa 
(at ±0.5%). This can either be due to the higher fibre misorientation in the 
case of the epoxy-based laminates or due to a large number of cracks 
observed in these laminates already at small strains. These cracks are 
homogenously distributed over the length of the tested sample. After failure, 
these cracks remain visible on the surface of a tested specimen (Figure 4-5c). 
This is because the cracks remain open (± 50µm) after unloading due to the 
plastically deformed steel fibres. Multiple matrix fracture in ceramic 
composites is well known and theoretical models have been developed to 
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calculate the critical conditions for the onset of widespread matrix cracking 
[15, 16]. These analytical models however require interface shear strength or 
matrix strain energy release rate and interface slipping shear stress which are 
not known for this system. The cracks typically appear close to the PET 
yarn, which could indicate that the PET yarn either has a poor bonding with 
the epoxy or acts as a stress concentrator. In the area close to the PET yarn, 
the steel fibres show a lighter colour, which indicates that the crack initiated 
at the PET yarn, deflects and locally debonds the fibres from the matrix. The 
density of  cracks increases towards the fracture surface (Figure 4-5a). The 
UD epoxy laminates possess a strain-to-failure of ± 7%, which is almost 
double of the strain-to-failure of the pure epoxy resin (± 4%). This is 
possible because the steel fibres bridge the cracks in the matrix. 
 
Figure 4-5: (a) and (b) Photographs of fracture surfaces in  the UD steel fibre composites 
with epoxy and PA-6 matrices, respectively; (c) close up on the transverse cracks (near 
binding yarns) on the surface of the UD steel fiber/epoxy composite; (d) close up on the 
yielded areas (near binding yarns) on the surface of the US steel fiber/PA-6 composite. 
In PA-6 composites, which a failure strain of 12.7% is reached, no cracks are 
visible on the specimen surface (Figure 4-5d). Closer to the fracture surface 
(Figure 4-5b) white zones can be seen, which indicates local plastic yielding 
of the PA-6 matrix. 
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4.3.2 Weibull distribution 
The full potential of the strain-to-failure of the steel fibres (±20 %) is not yet 
realized in either of these composites. The Weibull distribution of the 
strength of a single fibre (Figure 4-6) can be used to understand whether the 
final failure is due the failure of several weaker fibres or promoted by 
several matrix cracks, which act as stress concentrators on the fibres. 
 
Figure 4-6: Weibull cumulative distribution of the strength of a single stainless steel 
fibre. Arrows indicate the stress inside a fibre at failure of either the UD epoxy 
composite or the UD PA-6 composite 
In the case of the UD epoxy composite, at the failure strain of 7.3%, namely 
the average composite failure strain, the stress inside a fibre is ± 510 MPa 
(derived from the stress-strain curve of a single fibre, assuming perfect 
alignment). The probability that a single fibre fails at 510 MPa is only 0,03% 
according to the Weibull distribution (Figure 4-6). This means that it is 
highly unlikely that the composite failure at 7.3% is due to the failure of 
weaker fibres. A more plausible hypothesis is that cracks in the matrix 
induce stress concentrations at the fibres and lead to either local debonding 
or local strain magnification in the fibres. Locally the fibres are further 
deformed until failure, at which point they fail in a ductile manner through 
necking. 
In the case of the UD PA-6 composite, at the average failure strain of 12.7%, 
the stress inside a fibre is ± 590 MPa. The probability that a single fibre fails 
at 590 MPa is 2%. It is thus more likely that some fibres break. However, 
since only these samples showed premature failure due to the test setup (i.e. 
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failure in the clamps), the measured strain is an underestimation of the actual 
strain for this material. This premature failure could be caused by stress 
concentrations at the clamps induced by the high Poisson contraction. Since 
the PA-6 matrix has a higher ductility than the fibres, a much higher strain 
should be possible in the composite with this matrix. 
 
4.3.3 Fracture surface characterisation 
A further investigation is needed to understand damage mechanisms leading 
to the composite final failure. Fracture surfaces of both the epoxy and PA-6 
composites are examined using SEM. Figure 4-7 shows the fracture surfaces 
of these composites at different magnifications.  From the smallest 
magnification images (Figure 4-7a and b) it is apparent that the steel fibre 
yarns did not break in the same plane (1). In the case of the epoxy 
composite, the resin rich zones show a clean flat fracture surface indicating  
brittle failure (2). The fracture surface of the epoxy matrix inside the fibre 
bundles has a higher roughness (3). A close-up on the border of a yarn 
(Figure 4-7c) emphasizes this feature as crack lines are visible in the fibre 
rich zones (3), whereas no crack lines are visible in the resin rich zones (2). 
Steel fibres in the material make sure that the integrity of the composite 
material is maintained even after the matrix is fractured. They  hold the 
fractured epoxy together and allow for further loading of the material. The 
fibre yarns remain in bundles after this happens and, in some cases, debond 
from the resin rich zones. Figure 4-7e shows local debonding of a steel fiber 
from epoxy (4) and its ductile deformation (5), which was a common 
characteristic for all fibres. 
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Figure 4-7: Fracture surfaces of the UD epoxy composite (a,c,e) and UD PA-6 composite 
(b,d,f) 
In the case of the PA-6 based composite, steel fibre yarns also remain in 
bundles after fracture, but this feature is less pronounced than in the case of 
the epoxy matrix. Due to the ductile nature of PA-6, it does not show a 
perfectly flat fracture surface in the composite as was the case with epoxy. In 
the fibre rich zones the ductile deformation of the matrix is more pronounced 
(6). All fibres in the PA-6 composite are found to have debonded from the 
matrix and undergone extensive plastic deformation. Locally some matrix is 
still connected to the fibres (7), indicating that the adhesion strength of steel 
to PA-6 is close to or even higher than the strength of the PA-6 matrix. 
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Figure 4-8 shows two possible hypotheses for failure of a single fibre in a 
steel fibre composite with a brittle matrix (i.e. the matrix fails earlier than the 
fibre). This is an acceptable assumption in the case of the epoxy composite, 
considering the previous discussion on the Weibull distribution of the steel 
fibre strength. The first hypothesis is that the interface is sufficiently strong 
to hinder debonding of the fibre. When a matrix crack approaches a fibre the 
external applied strain is locally magnified resulting in plastic deformation 
of the steel fibre. Due to the Poisson contraction and plastic necking, the 
fibre debonds from the matrix. Further necking results in failure of the steel 
fibre. The second hypothesis implies that the interface is less strong and 
when a matrix crack reaches a fibre, the fiber locally debonds from the 
matrix. Upon further loading, this debond continues to propagate along the 
fibre/matrix interface, the area of  local strain magnification increases and 
fiber is allowed to plastically deform. This strain magnification is much 
lower than in the first hypothesis and in first approximation inversely 
proportional to the debonding length. Then, final failure of the fibre occurs 
at its weakest point (most likely at a defect). 
 
Figure 4-8: Hypotheses for failure mechanisms in a composite with ductile fibres and a 
brittle matrix 
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The first hypothesis seems less probable since it implies fibre necking, and 
thus failure, exactly at the place where a matrix crack reaches the fibre. 
However,  the SEM images of the fracture surface reveal that not all fibres 
fail in the plane of a matrix crack. The second hypothesis assumes a certain 
degree of debonding and hence the possibility for fibre necking and failure at 
a location at a certain distance from the matrix crack plane, as was observed 
experimentally. The strength of the interface will play a vital role in 
determining the extent of debonding, and hence in the fracture mechanisms 
occurring in steel fibre composites. Further research is thus needed to 
optimize the interface to ensure the full use of the steel fibre ductility. 
 
4.4 Results for cross-ply composites 
4.4.1 Tensile properties 
Figure 4-9 shows representative stress-strain curves of the UD steel fibre. 
The strain-to-failure of the cross-ply composites is similar to the strain-to-
failure of the UD composites (Table 4-3). Also for cross-ply composites the 
strain-to-failure is higher in the case of the more ductile PA-6 matrix.  The 
stiffness of the cross-ply composites is modelled using the WiseTex software 
for a single ply and the classical laminate theory for the full laminate (0,90)s. 
The fibre volume fraction used in the model is 43%. 
 
Figure 4-9: Representative measured stress-strain curves of cross-ply steel fibre 
composites with epoxy and PA-6 matrices 
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Table 4-3: Tensile properties of the cross-ply composites 
 Steel/Epoxy Steel/PA-6 
Stiffness [GPa] - experimental 36.4 ± 5.5 29.0 ± 7.4 
Specific Stiffness [GPa.cm³/g] - 
experimental 8.8 ± 1.3 7.0 ± 1.8 
Stiffness [GPa] – theoretical 
Not accounting misalignment 
Accounting misalignment 
 
46.3 
42.9 
 
43.2 
37.3 
Average measured misalignment 4° 3° 
σyield [MPa] 105.4 ± 3.9 87.8 ± 4.5 
σUTS [MPa] 138.2 ± 4.6 124.8 ± 7.5 
εult 6.8 ± 1.0 9.2 ± 3.7 
εmin 0.26 ± 0.04 0.24 ± 0.33 
ε1 0.5 ± 0.2 0.5 ± 0.5 
 
Some misorientation of the 0° plies is also noted in the cross-ply laminates, 
resulting in a higher predicted stiffness than experimentally measured 
(Figure 4-10). Once the fibre misalignment is also included in the 
calculations, the predicted values are closer to the experimentally measured 
stiffness but still remain 20-30% higher (Table 4-3). A possible explanation 
for the latter would be higher misalignment of yarns inside the composite 
than measured on the surface. This could also explain the high scatter in the 
measured stiffness values. Another explanation is that the inclusion-based 
homogenization technique used to predict the stiffness does not predict well 
the transverse properties of the fibre yarns where the irregular shape of the 
fibres and very high fibre volume fractions inside the yarns could lead to 
unrealistic stiffness estimations. 
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Figure 4-10: Theoretical stiffness decrease due to the misalignment of steel fibres in 
cross-ply composites with epoxy and PA-6 matrices 
The stiffness of the steel fibre composites in the cross-ply configuration also 
lies  in between the values for carbon and glass composites (with similar 
fibre volume fractions). However, the specific stiffness of a cross-ply steel 
fibre composite is lower than of a cross-ply glass fibre composite. This is 
because the 90° layers contribute to the weight, but their contribution to the 
stiffness is limited. Hence, the specific stiffness of a cross-ply steel fibre 
composite is ± 30% lower than that of a cross-ply glass fibre composite and 
five times lower than the specific stiffness of a cross-ply carbon fibre 
composite. 
The strength of the cross-ply composite with epoxy matrix is significantly 
higher than the strength of the composite with PA-6 matrix. This is despite 
the fact that the normalized strength of the UD PA-6 composite is higher 
than the strength of the UD epoxy based composite. This difference is 
attributed to the difference in the behaviour of the 90° plies, which is highly 
dependent on the behaviour of the matrix. The epoxy is able to carry a 
significantly higher portion of the load, because of its much higher stiffness 
and yield point in comparison with the PA-6. As a result, the PA-6 90° ply 
will contribute significantly less to the load than the epoxy 90° ply. 
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4.4.2 Damage development 
The cumulative energy curves of the acoustic emission signals, recorded 
during the tensile tests on the cross-ply composites, are displayed in Figure 
4-11. The damage development thresholds were determined following the 
methodology outlined in [17]. The first acoustic emission signals and the 
first transition to higher energies (first sharp increase in cumulative energy 
as seen on a linear scale) are similar in both composites, but the PA-6 
composite shows a much larger scatter (εmin  and ε1 in Table 4-3). This first 
transition to higher energies is often referred to as damage initiation 
threshold and can be attributed to the onset of transverse cracks, which are a 
combination of debonding of the 90° fibres and connecting matrix cracks 
[17]. Despite the large difference in the matrix ductility, it thus seems that 
the onset of damage (local debonding and first matrix cracks) occurs at 
similar strain levels. 
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Figure 4-11: (a) Representative stress-strain curves of cross-ply composites (dashed 
lines) and cumulative acoustic emission curves (full lines) measured  experimentally, (b) 
zoom in on the first events and first and second transitions of the cumulative acoustic 
emission curves 
The second transition (second sharp increase in cumulative energy) was not 
clearly identifiable in the case of the PA-6 composites. At 1.5% of strain (the 
second transition in the case of epoxy composites) the cumulative energy is 
on average an order of magnitude higher for epoxy (2 x106) than for PA-6 (1 
x105 ) composites. 
From 1.5 – 2% strain, more and higher energy AE events occur in the brittle 
epoxy system. The hypothesis is that local debonding and microcracks in the 
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90° layers grow into larger transverse cracks. These transverse cracks in the 
90° layers can then propagate into the 0° layers (at the outside of the 
laminate), which become visible on the surface (Figure 4-12a), similarly to 
the UD epoxy composite. Thus also in the case of the cross-ply composite, 
cracks are formed throughout the entire sample and steel fibres hinder their 
growth, but the initiation of these cracks in the cross-ply composites occurs 
inside the 90° layers. 
In the cross-ply PA-6 composite, the higher energy events are not found after 
1,5 – 2% strain. Not only the cumulative energy is lower, but also fewer 
events are recorded. During the tensile test and after the final failure, no 
cracks are found on the surface of the tested sample. This could mean that 
fibres in the 90°-layers debond from the PA-6 matrix but transverse cracks 
do not fully develop. Due to local yielding of the PA-6 matrix, cracks are 
blunted and arrested. As a consequence, the transverse cracks in the 90°-
layers do not seem to initiate cracks in the 0°-layers, as it is in the epoxy 
specimens, but only result in local plastic deformation. This local yielding is 
not registered by acoustic emission but can be seen on the surface of the 
fractured samples as white zones (Figure 4-12b). 
 
Figure 4-12: Photograph the fracture of a cross-ply steel fibre/epoxy composite (a) and a 
cross-ply steel fibre/PA-6 composite (b). 
It appears that final failure of the composites, which only happens when the 
0°-layers start fracturing, is related to matrix failure. First, transverse cracks 
in the 90°-layers are formed, they then initiate either transverse cracks in the 
0°-layers if the matrix is epoxy or plastic yielding if the matrix is PA-6, both 
leading to the composite failure. 
Considering that also the onset of damage is related to local debonding and 
microcracks in the matrix, first in the 90°-layers and then in the 0°-layers, it 
is expected that the mechanical behaviour of the cross-ply composite will 
improve with an optimised fibre/matrix interface and an optimised matrix. 
This should limit the debonding and transverse cracking in the 90° plies and 
as a result improve the strain-to-failure of the composite.  
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4.5 Conclusions 
It can be concluded that ductile steel fibres deliver composites with a high 
strain-to-failure: 7.3% in case of a brittle matrix system and 12.7% in case of 
a ductile matrix system. The steel fibre composites exhibit much higher 
strain-to-failure than a typical UD carbon and glass fibre composite (almost 
4 and 3 times, respectively) combined with a high stiffness (± 70GPa). 
The growth of cracks in the (brittle) epoxy matrix is limited by the ductile 
steel fibres. SEM images of the fracture surface revealed clean and flat 
epoxy fractures in the resin rich zones and a more complex failure in the 
fibre rich zones. Cracks are homogenously distributed along the specimen 
length. By replacing the brittle matrix by a ductile matrix, the strain-to-
failure of the UD composite improves by almost 75% (from 7,3% to 12,7% 
strain). SEM images reveal that fibre matrix debonding still occurs, but no 
cracks were visible on the surface of the tensile samples. 
The full potential of the strain-to-failure of the steel fibres (±20 %) is, 
however, not yet realized in the composite. From the fracture surface it can 
be seen that all fibres in the 0° direction are locally debonded from the 
matrix. The strength of the interface will play a vital role in determining the 
extent of debonding, and hence in the fracture mechanisms in steel fibre 
composites. Chapter 6 is dedicated to find the most suitable combination of 
the matrix ductility and the fibre/matrix interface strength. 
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Nature uses only the longest threads to weave her patterns, so that 
each small piece of her fabric reveals the organization of the entire 
tapestry. 
 Richard P. Feynman  
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5 Influence of the fibre architecture 
5.1 Introduction 
Fibre architecture can have a major influence on the composite performance. 
It may change processing performance such as drapability, permeability and 
compressibility, but also mechanical performance such as impact resistance, 
damage tolerance and fatigue life.  
Comparing different fibre architectures could mean a comparison between 
UD architectures and woven, braided or knitted architectures, but also 
comparing between UD architectures, with a different fibre distribution or 
fibre packing.  
When comparing different UD fibre composites, we are interested in the 
effect of the fibre distribution (changes in the local fibre volume fraction) on 
the mechanisms of failure development and how they influence the 
composite failure strain. This will help us to understand how the steel fibre 
composites can be further optimized to fully exploit the potential of the 
ductile fibres. 
Fibre volume fraction is known to play an important role in the mechanical 
behaviour of metal or ceramic matrix composites. Research [1-5] in this field 
highlights the importance of the fibre volume fraction and indicates that it 
determines the fracture behaviour. Different fracture modes are possible 
depending on the fibre volume fraction. The fracture mode has a strong 
influence on both the strength and fracture toughness of these metal and 
ceramic matrix composites. 
Similar results are reported for concrete which is reinforced with steel wires 
(0.3-0.5 mm diameter). Ductility, strength and fracture behaviour can be 
altered by changing the fibre volume fraction of the steel wires inside 
concrete [6-8]. These results are obtained for low (<5%) fibre volume 
fractions and random fibre distributions and hence might indicate lower 
bounds on possible improvements. It is expected that also in steel fibre 
polymer composites the fibre volume fraction will influence the mechanical 
behaviour. 
When comparing a UD fibre architecture with a woven fibre architecture, the 
main differences are the crimp of the fibres and the interweaving of the 
yarns. The presence of the crimp is expected to reduce the composite 
stiffness due to the local fibre mis-orientation and the interweaving of the 
yarns may change the damage behaviour, both in tensile [9, 10] and impact 
tests.  
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A higher strain-to-failure of a composite in a quasi-static tensile test is often 
an indication of better impact properties [11]. The impact performance can 
be understood and characterized in different ways: as damage tolerance 
(residual strength after impact), damage resistance (impact energy needed to 
induce damage) and energy absorption during penetration. Two review 
papers on impact properties of composites [11, 12] state that the ability of 
the fibres to store energy appears to be the fundamental parameter in 
determining the penetration impact resistance of a composite. Thus, fibres 
with a large area under the stress-strain curve and hence a large energy-to-
failure should offer excellent energy absorption up to penetration. In the case 
of stainless steel fibres, this area is more than three times higher than for 
carbon fibres. 
The effect of the fibre architecture on the impact performance of 
conventional carbon and glass fiber-reinforced composites has been 
extensively studied. Vallons et al. [13] compared the (non-penetrating) 
impact and post-impact behaviour of composites with woven and non-crimp 
carbon fabrics. It was found that the damage area after the drop weight 
impact was more localized in the composite with the woven fabric. This was 
attributed to the crimp of the fibres, where it is known that more energy is 
required to propagate delaminations during impact due to a wavy crack path 
and crack deflections. Because of the smaller damage area, the composite 
with the woven fabric performed better in a post-impact tensile-tensile 
fatigue tests. It was, thus, concluded that the damage resistance could be 
increased by using a fabric with a higher crimp, but at the expense of a 
decreased stiffness. 
Shyr et al. [14] investigated energy absorption during penetrating impact for 
composites with non-crimp and woven glass fabrics. A higher energy 
absorption was reported for the non-crimp fabric. Thus, for energy 
absorption during penetration, a fabric with a lower crimp or no crimp is 
preferred. 
In the present chapter, first the tensile properties of steel fibre composites 
with the same fibres, but different microstructures (fibre distribution or 
packing) are discussed, followed by the tensile and penetrating impact 
behaviour of steel fiber/polypropylene composites with different weave 
architectures. The discussion on impact behaviour focuses only on energy 
absorption during penetration, since the ductility of the stainless steel fibres 
is most used in this case. 
 
Chapter 5 
108 
5.2 Case study for steel fibre/epoxy composites 
5.2.1 Modelling methodology 
Two fibre UD fibre architectures in a brittle epoxy are studied. The first 
studied material is a steel fibre woven weft Q-UD (section 2.2.2), which will 
further be referred as Q-UD. The second fiber architecture is made from the 
same Q-UD into a nonwoven UD material by manually removing the 
polyester yarn. By removing the warp yarns, the steel fibre yarns are freed 
from the constraint and have the ability to move laterally during composite 
production. This movement of individual fibres is expected to result in a 
more homogeneous distribution of steel fibres in the composite. This fibre 
architecture will be further referred to as P-UD (“pure” unidirectional). Due 
to the removal of the warp yarns, no crimp is present in the P-UD. However, 
it is expected that due to the low thickness and large spacing of the PET 
yarn, also in the Q-UD the crimp is nearly zero. No influence from the 
difference in crimp is expected. 
WiseTex [15] and TexComp [16] were used to model the stiffness of the Q-
UD fabric. WiseTex was used to geometrically model the architecture of the 
Q-UD fabric, which is then imported into TexComp. The TexComp software 
tool makes predictions based on the Eshelby solution and the Mori-Tanaka 
homogenization. The output of the TexComp model is used in the classical 
laminate theory to calculate the stiffness of the cross-ply laminates. The 
properties of the constituent materials are the same as in chapter 4. The fibre 
volume fraction is assumed to be 40% in the model. 
The P-UD material is expected to have a homogeneous distribution of the 
fibres and hence the theoretical stiffness is calculated using Chamis’ 
formulae. 
The stress-strain behaviour of both UD and cross-ply laminates can be used 
in order to extract the behaviour of the 90° ply inside the cross-ply 
laminates. This allows an analysis of the in-situ behaviour of the 90° plies. 
The analysis assumes no damage is inflicted by the 90° layers to the 0° 
layers. 
The analysis is based on the isostrain assumption and neglects any Poisson 
interaction between the layers. The cross-ply consist of 50% 0° plies and 
50% 90° plies. The UD composites consist of 100% 0° plies and thus the 
stress needs to be divided by 2 to subtract it from the stress in the cross-ply.  
The result is multiplied by 2 to calculate 100% of the in-situ stress of the 90° 
plies. 
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This results in the following equation, which can be applied point by point to 
the entire elastic-plastic stress-strain curve: 
𝜎𝑖𝑛−𝑠𝑖𝑡𝑢 90° = �𝜎𝑐𝑟𝑜𝑠𝑠−𝑝𝑙𝑦 − 𝜎𝑈𝐷2 � ∙ 2 5-1 
where σcross−ply  is the experimentally measured stress in the cross-ply 
sample and σUD  is the experimentally measured average stress in UD 
samples at the same strain. 
 
5.2.2 Microstructural analysis 
Figure 5-1 illustrates the difference between the microstructures of the two 
UD composites. The microstructure is not homogeneous in Q-UD composite 
and homogeneous in P-UD composite. The warp PET yarns in Q-UD keep 
steel fibre yarns together. This results in a high fibre volume fraction inside 
the steel yarns and no fibers in resin rich zones which separate the yarns. In 
the P-UD composite, steel fibres can move laterally during compaction and 
hence are more homogeneously distributed through the thickness of the 
laminate. Because of this movement, less resin rich zones are present and the 
global fibre volume fraction is higher. 
For microstructure characterization, a Matlab program was written to 
determine the average global and local fibre volume fractions. This program 
accurately determines the edges of the steel fibres by means of the grey scale 
histogram and then converts the image to a black and white image from 
which the average fibre volume fraction can be determined. To calculate the 
local fibre volume fraction, images were split in 1600 smaller regions (with 
an approximate size of 50 - 60 µm) and the average fibre volume fraction of 
these smaller regions was also determined through conversion to a black and 
white image. The fibre volume fraction of these smaller regions can be used 
to analyse the distribution of the fibre volume fraction and to calculate an 
average value for the entire image.  At least three different images from 
different cross-sections were used for each material to calculate an overall 
average distribution and overall average fibre volume fraction for both 
microstructures. 
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Figure 5-1: OM images of microstructures and average fibre volume fraction (based on 
the image analysis)  for Q-UD and P-UD composites. 
Figure 5-2 shows the distribution of the fibre volume fraction in the two 
microstructures. The high relative occurrence of 0% fibre volume fraction in 
the Q-UD is immediately noticeable. These are resin rich zones, which 
occupy about  30% of the composite. The histogram has another peak at 
around 85% of the fibre volume fraction, which is the fraction of steel fibres 
inside the yarns. The P-UD composite has only one peak close to 65% 
confirming a more homogeneous distribution of fibres. The distribution in P-
UD is also wider, it goes from approximately  30% till 80%, while in Q-UD 
it is narrower and concentrated between 60% and 95%. The insert in Figure 
5-2 shows the cumulative curve, where it is also seen that the steep part of 
the curve is shorter in Q-UD than in P-UD. This indicates that fibres inside 
yarns in the Q-UD composite are packed with a more consistent fibre 
volume fraction than they are distributed in the P-UD composite.  
The Q-UD has a lower overall fibre volume fraction due to the higher 
content of resin rich zones. The overall fibre volume fraction is presented 
based on image analysis (Figure 5-1) and based on calculation from 
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composite thickness and areal density (Table 5-1). Fibre volume fractions 
calculated using image analysis are slightly higher (7 to 9%) than those 
based on the thickness and areal density. This is because for image analysis, 
a zone inside the laminate is chosen. Typically however, on top and bottom 
of the laminate a small resin rich zone is present. This decreases the fibre 
volume fraction calculated based on the thickness and areal density of the 
fabric. 
 
Table 5-1: Fibre volume fraction and sample thickness of the UD and cross-ply 
laminates 
 UD laminate Cross-ply laminate 
Fabric Q-UD P-UD Q-UD P-UD 
Fibre vol. fraction 
(based on areal 
density) 
40.2 ± 2.0% 49.8 ± 1.2% 38.5 ±1.2% 53.0 ± 2.1% 
Fibre vol. fraction 
(based on image 
analysis) 
44.5 ± 3.6% 53.4 ± 0.7%   
Sample thickness 
[mm] 1.33 ± 0.07 1.04 ± 0.02 1.93 ± 0.03 1.32 ± 0.04 
 
 
Figure 5-2: Relative distribution (main figure) and cumulative distribution (insert) of 
the local fibre volume fraction in Q-UD and P-UD composites. 
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The local fibre volume fractions can be used to estimate the average distance 
between fibres. This is done by assuming a hexagonal packing of fibres with 
hexagonal cross-sections. The model is represented in Figure 5-3 and the 
equations are as follows. The surface area of the hexagonal fibre is equal to a 
circle with a diameter of 30 µm. 
3∙√3
2
∙ 𝑧2 = 𝜋 ∙ 𝑟2 , 5-2 
with z the length of a side of the hexagon and r the radius of the circle. 
The surface area of the representative volume element (RVE) can be defined 
based on the fibre volume fraction (Vf) and the size of the hexagonal fibres: 
SurfRVE =  3∙√34 ∙z2Vf   5-3 
Because the length D of the sides of the RVE is equal to spacing of the fibre 
centra, the distance in between the fibres can be defined as follows: 
D =  �4∙SurfRVE
√3
  5-4 
Fibre distance =  D − r� 6π
3∙√3
  5-5 
Fibre distance =  �z ∙ � 3
Vf
� − r� 6π
3∙√3
 5-6 
Figure 5-3 shows the relative occurrence of this calculated theoretical 
distance based on the microscopy images. In Q-UD composite, there is a 
peak at ± 2µm, while in P-UD composite it is at ± 8µm. This means that in 
Q-UD a high number of fibres is about 4 times closer to each other than in P-
UD. Moreover, in P-UD there are theoretically no fibres that are at distances 
3µm or less away from each other. At the same time sub micrometer 
distances are predicted in Q-UD, which were also seen in the optical 
microscopy images in Figure 5-1. 
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Figure 5-3: A histogram for the distance between fibres for Q-UD and P-UD composites 
calculated from optical microscopy images of composite cross-sections in the assumption 
of the hexagonal packing and hexagonally shaped fibres as shown in the insert schematic 
 
 
Figure 5-4: Optical microscopy image of the Q-UD cross-section, illustrating sub 
micrometer distances inside a steel fibre yarn  
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5.2.3 Tensile test results 
Results of the tensile tests on UD and cross-ply composites with both 
microstructures are shown in Figure 5-5. All produced laminates show much 
higher strain-to-failure (up to ± 15%, Table 5-2) than typical glass and 
carbon fibre composites, by a factor of respectively 4 and 7. This ductility is 
combined with a high stiffness. In P-UD composite the stiffness approaches 
100 GPa for Vf = 49%, which is close to the stiffness of carbon fibre 
composites with a similar fibre volume fraction. 
Table 5-2: Tensile properties of the UD and cross-ply laminates 
 UD laminate Cross-ply laminate 
Fabric Q-UD P-UD Q-UD P-UD 
Stiffness [GPa] - 
experimental 77.7 ± 5.4 99.1 ± 8.6 42.9 ± 2.2 56.3 ± 6.0 
Yield stress [MPa] 
σyield 
164.9 ± 2.6 204.1 ± 12.0 94 ± 3.9 129.9 ± 11.7 
Strength [MPa] 
σUTS 
269.5 ± 5.6 313.5 ± 30.6 123.5 ± 7.6 168.2 ± 17.7 
Strain-to-failure, 
[%] εult 
15.4 ± 1.4 11.4 ± 3.6 14.8 ± 2.4 10.7 ± 2.7 
Dissipated energy 
[J/mm³] 36.7 ± 3.7 34.9 ± 10.8 16.9 ± 3.2 17.6 ± 5.4 
 
The strain-to-failure is almost double compared to the results from chapter 4 
(± 7%). The tests in chapter 4 were done on the first batch of material in 
which a different fibre architecture is used. It is thus possible that these 
fibres do not exhibit the exact same mechanical properties, either due to 
small differences in microstructure of the steel or due to damage introduced 
during weaving. The results presented in this and the following chapters can 
thus not be directly compared with the results from chapter 4. Besides the 
work in chapter 4, all work in the presented thesis on Q-UD material was 
done with  the weft Q-UD (section 2.2.2). 
To limit scatter in the results and to allow adequate comparison between the 
two UD architectures, stresses in Figure 5-5 were normalized to the fibre 
volume fraction of 40%. Normalization was done for each individual sample 
by dividing the stress by the ratio between the calculated fibre volume 
fraction and 40%: 
𝜎𝑛𝑜𝑟𝑚 = 𝜎𝑉𝑓
40%
, 5-7 
With σ the experimentally measured stress and σnorm the normalised stress. 
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The fibre volume fraction was calculated using the thickness of each sample 
and the areal density of the fabric. The thickness is also used in the stress 
calculation and hence also takes into account the thin resin layer on top and 
bottom of the laminate. This calculation hence normalizes to the same fibre 
content, but a small error is made by neglecting the contribution of the resin. 
The strain-to-failure is about 35% higher in composites based on Q-UD both 
for cross-ply and UD composites. The normalized stiffness and yield 
strength show no difference between the two fibre architectures. The 
normalized stiffness is also in good agreement with the modelled results. No 
difference in dissipated energy can be seen between the Q-UD and P-UD 
architectures (Table 5-3). 
Table 5-3: Normalized tensile properties of the UD and cross-ply laminates to a fibre 
volume fraction of 40% 
 UD laminate Cross-ply laminate 
Fabric Q-UD P-UD Q-UD P-UD 
Normalized to Vf = 40% 
Normalized 
Stiffness [GPa] - 
experimental 
77.3 ± 5.3 79.1 ± 6.5 44.6 ± 2.8 42.6 ± 4.5 
Stiffness [GPa] – 
theoretical 78.9 79.0 43.2 43.8 
Specific Stiffness 
[GPa.cm³/g] - 
experimental 
19.7 ± 1.4 20.2 ± 1.6 11.4 ± 0.7 10.9 ± 1.2 
Normalized yield 
stress [MPa] σyield 
164.2 ± 2.6 162.9 ± 8.8 97.6 ± 2.1 98.2 ± 9.5 
Normalized 
strength [MPa] 
σUTS 
268.3 ± 5.6 251.6 ± 18.9 128.2 ± 5.0 127.1 ± 13.9 
 
The 95% confidence interval for the normalized stress-strain curves is very 
narrow for Q-UD composite (Figure 5-5). This is attributed to its consistent 
and well controlled structure as discussed before. This is in contrast with the 
P-UD composite which confidence interval is much wider. With the removal 
of the PET yarn, fibres are free to move, which in the VARI technique can 
result in laminates with different thicknesses and thickness changes 
throughout the plate. These thickness variations can create large differences 
in the calculated fibre volume fractions, since the fibre volume fraction is 
calculated based on the thickness. Hence it is more difficult to accurately 
normalize the curves.  
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Despite the large spread, no large differences on the average tensile curve 
are noticed between the P-UD and Q-UD. An explanation for this is that 
when the fibres locally move, they can increase the number of fibres in one 
sample while the sample next to it has a lower number of fibres. When 
normalized to the same fibre volume fraction, the samples show a large 
spread. But since the number of fibres in the entire laminate remains the 
same, the average curve remains the same. Hence, despite the high statistical 
variance, it is concluded that besides the strain-to-failure, the stress-strain 
behaviour shows no noticeable differences between the two UD 
architectures. The difference in strain-to-failure will be discussed further in 
the text. 
 
Figure 5-5: Stress-strain curves of unidirectional and cross-ply composites with Q-UD 
and P-UD fibre architectures normalized to Vf  of 40% (main figure) and the calculated 
in-situ behaviour of the 90° plies (insert). 
The insert in Figure 5-5 illustrates the in-situ behaviour of the 90° plies. In a 
test on a 90° laminate, a large crack would immediately lead to failure of the 
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laminate. In a cross-ply laminate, cracks in the 90° layer do not immediately 
lead to failure, but the stress contribution of this 90° layer to the entire 
laminate will decrease if cracks initiate. Further crack propagation will 
decrease the stress contribution of the 90° layer. This is illustrated by the in-
situ behaviour of the 90° ply. The first part of the in-situ behaviour is linear 
elastic. Then, first cracks occur (at ± 0.5% strain) in the 90° plies, which 
decrease the in-situ stress. Further decrease of the stress is related to the 
amount of cracks and the speed at which they initiate and grow. 
Since the in-situ behaviour of the 90° plies is calculated based on the average 
behaviour of the UD and cross-ply laminates (see 5.2.1 modelling 
methodology), the confidence interval for the P-UD is also very large. Hence 
the difference in the in-situ behaviour of the 90° plies for the two 
microstructures (see the insert in Figure 5-5) is not statistically significant. 
Despite this, the observed trend is logical. Overall large stress concentrations 
are present around the fibres [17], but lower fibre volume fractions should 
lead to lower stress concentrations and delayed onset of matrix cracks, from 
which some gain in strength can be anticipated. Hence the in-situ strength of 
transverse plies in Q-UD composite is expected to be lower since very high 
local fibre volume fractions are present. In order to have a statistical proof 
for this hypothesis, large variations in the fibre volume fraction in the P-UD 
composite should be avoided. This can be resolved by preparing samples 
with a more consistent thickness, for example by using resin transfer 
moulding as the production method. This could not be performed in the 
timeframe of this PhD research. 
 
5.2.4 Damage analysis: surface cracks and hypothesis 
5.2.4.1 UD composites 
The specimen surface was photographed during the tensile tests with an 
interval of 0.5 s and the images were then analysed to understand differences 
in the damage development. Figure 5-6 shows representative images of UD 
composites produced from Q-UD and P-UD fibre architectures at several 
strain-levels. At a strain of 5%, no damage can yet be seen on the surface of 
P-UD composite, while cracks are found in Q-UD composite that are 
situated near transverse PET yarns. At higher strains (10%), even more 
cracks are found around PET yarns and local debonding of the yarns can be 
seen in Q-UD composites. However, in P-UD composites still no cracks are 
visible. 
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Figure 5-6: Photographs of the surface of UD composites with Q-UD and P-UD fibre 
architectures taken during tensile tests at several strain-levels and at failure 
All Q-UD samples failed in a correct fashion away from the clamps, while 
failure of P-UD samples was always initiated in the clamps. In the latter 
cases a crack originated in the clamped region and grew in the loading 
direction towards the other end of the sample (Figure 5-7). The crack 
propagated parallel to the loading direction due to large shear stresses at the 
tip of this crack since only the material at one side of the crack was still 
loaded. This incorrect failure could be an explanation for the lower strain-to-
failure of UD laminates made with the P-UD. 
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Figure 5-7: Illustration of the incorrect failure in the UD composites made with the P-
UD architecture  
 
5.2.4.2 Cross-ply composites 
Figure 5-8 shows a similar comparison of damage on the surface of cross-ply 
composites. Because of the 90° layers, transverse cracks are observed in both 
materials. It should be noted that steel fibers in the surface ply are oriented in 
the loading direction, therefore transverse cracks are formed inside the 
composite and only then propagate to the surface. 
At 5% of strain, transverse cracks are found in both composites, but their 
appearance is distinctly different. In Q-UD composite, transverse cracks 
grow to the surface by going  around the 0° steel yarns. This can be seen by 
the whitened regions just next to the 0° yarns. In P-UD it is more difficult to 
see, but horizontal lines appear on the surface of the sample, indicating 
transverse cracks in the 90° plies. These cracks do not grow to the 0° layers 
on the surface.  
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Figure 5-8: Photographs of the surface of cross-ply composites with Q-UD and P-UD 
fibre architectures taken during tensile tests at several strain-levels and at failure 
At 10% strain, more transverse cracks accompanied by debonding growing 
along the 0° yarns are visible in Q-UD composite (Figure 5-8 and Figure 
5-9). The distance at which these transverse cracks appear is consistent with 
the steel fibre yarn spacing. Transverse cracks are likely to form in the 
middle of a yarn where the highest stress concentrations are expected due to 
the tight packing. From analysis it is apparent that every steel yarn produces 
a transverse crack. Also in the P-UD more transverse cracks appear but still 
they do not grow through the 0° layers to the surface. 
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Figure 5-9: Close-up of the surface of cross-ply composites with Q-UD and P-UD fibre 
architectures taken during tensile test at 10% strain 
Final failure occurs due to the failure of the 0° steel fibres. Figure 5-10a and 
c show a zoom-in image of a region close to the final failure. In Q-UD, the 
transverse cracks which have grown around the 0° yarns to the surface are 
clearly visible and the final failure appears to neatly follow such a transverse 
crack, whereas the 0° steel yarns failed at different locations. This is in 
contrast with the P-UD composite, where no transverse cracks can be seen 
on the surface, but the 0° steel yarns appear to fail approximately at the same 
place as their neighbouring yarn (Figure 5-10b and d). 
 
Figure 5-10: Close-up on the failure location of the (a) Q-UD and (b) P-UD. Side view of 
the failed cross-ply samples, (c) Q-UD and (d) P-UD 
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5.2.4.3 Hypothesis for fracture behaviour 
A hypothesis for the difference in fracture behaviour can be based on the 
different microstructure in the composites. It is possible that there are 
beneficial effects of tightly packed fibers in yarns on the strain to failure of 
the composite. These effects are illustrated in Figure 5-11a and b. Figure 
5-11a illustrates that in the presence of tightly packed fibre bundles: a crack 
in the epoxy is more likely to grow around the these bundles, debonding 
them, rather than locally penetrating inside and debonding and loading 
individual fibres. The hypothesis is that this local fibre debonding results in 
strain magnification. 
 
Figure 5-11: Hypothesis (a) of the different crack behaviour due to local packing of the 
fibres and (b) of the tri-axial stress state when an intact fibre starts necking 
To check this hypothesis, the fracture surface was investigated using SEM. 
The large scale debonding (1) of a steel yarn in case of the Q-UD (with a 
high local packing) can be seen in Figure 5-12a. Furthermore, the fracture 
surface of the epoxy in case of the P-UD is flat and shows only a limited 
number of crack lines (2), which is in contrast to the Q-UD (3) where cracks 
in the epoxy appear to be hindered by the close proximity of the steel fibres 
(Figure 5-12c and d). 
It is also plausible that the close proximity of other steel fibres changes the 
stress field when the fibre starts necking (Figure 5-11b). If the fibres are 
closely packed, a stronger tri-axial stress-state could be generated which 
could delay or hinder necking. 
The stress field inside a necking fibre and the influence of the proximity of 
neighbouring fibres will be investigated using a FE model in chapter 6. The 
model in chapter 6 is based on a ductile matrix and eliminates the need to 
model the complex behaviour of crack formation and growth. 
Despite the tri-axial stress-state, all steel fibres failed in a ductile manner 
(Figure 5-12c). Thus it is possible that the tri-axial stress-state delays 
necking and hence increases the tensile failure strain. This is on the 
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condition that the fibre locally remains bonded to the matrix. Upon 
debonding of a fibre, the influence of the neighbouring fibres disappears and 
necking occurs more easily. 
Hence as long as the interface is strong enough, a high packing is expected 
to generate a stronger tri-axial stress-state which hinders necking and final 
failure, increasing the failure strain. 
 
Figure 5-12: SEM images of the fracture surface of cross-ply composites with the Q-UD 
architecture (a) and (c) and with the P-UD architecture (b) and (d) 
It is possible that these hypotheses are only valid if transverse cracks or 
cracks due to the PET-yarns are already present. In the UD laminates with 
the P-UD architecture no cracks were present at the surface and earlier 
failure is likely initiated due to the clamps. Hence the results are 
inconclusive if no matrix cracks are present. 
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Figure 5-10c and d show a close-up of the side of a tested specimen. A clear 
difference is noted in the amount of delaminations. In P-UD, the entire 90° 
ply is delaminated close to the location of the final failure, which is 
representative for all samples. In Q-UD this was more an exception than a 
rule. 
Based on these observations, Figure 5-13 illustrates the hypotheses for the 
difference in fracture behaviour of both systems. In P-UD small and 
distributed transverse cracks initiate in the 90° layers (Figure 5-13a, 
schematic representation). In Q-UD a smaller number of transverse cracks 
initiate in regions where the fibres are closely packed, but they quickly grow 
through the entire transverse yarn. 
These transverse cracks have a larger crack opening since typically only one 
crack is formed per yarn and hence there spacing is determined by the 
spacing of the transverse yarns (Figure 5-10a and c). These cracks can grow 
through the resin rich zones in the 0° layers, around the 0° yarns. This is in 
contrast with the P-UD, where the smaller cracks do not penetrate the 
homogenously distributed 0° ply, but propagate parallel to the 0° and form 
delaminations. 
Final failure occurs due to fracture in the 0° ply. In Q-UD, fracture of the 0° 
yarns is preceded by local debonding of the entire yarns. 
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Figure 5-13: Schematic illustration of the fracture behaviour of the 90° plies inside the 
cross-ply composites with (a) P-UD and (b) Q-UD 
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5.2.5 Damage analysis: AE results 
5.2.5.1 UD composites 
The AE results can be compared with the analysis of the cracks on the 
surface to understand how the damage develops internally. Figure 5-14 
shows the cumulative energy of the recorded events and cumulative number 
of events for the UD tensile samples. In Q-UD composite much more events 
are measured than in P-UD composite. This is in agreement with the crack 
observations: multiple cracks were found in Q-UD initiated at the PET yarn, 
while no cracks were visible to the naked eye in P-UD at strains lower than 
10%. The events that are measured in P-UD could be due to sub millimetre 
or sub micrometre cracks inside the P-UD composite. 
The difference in the number of events is also reflected in the cumulative 
energy. A sudden increase in the number of events and in the cumulative 
energy is seen in P-UD laminates just before the final failure. This is 
attributed to the longitudinal crack which after initiation in the clamps grows 
along the entire length of the sample, releasing a lot of energy. This type of 
increase at the end of the curve is also seen in the Q-UD samples, however it 
is much shorter and less energy is released. This is because the crack grows 
perpendicular to the sample and hence the distance that needs to be bridged 
is shorter. 
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Figure 5-14: (a) Measured cumulative AE energy for each UD sample and (insert) 
average cumulative acoustic energy, (b) Measured cumulative number of AE events for 
each UD sample and (insert) average cumulative number of events 
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Figure 5-15 shows the AE data in strain intervals of 0.5% that are also split 
per energy level. This is done till only 8% to avoid averaging over the high 
number of events occurring at final failure. It is clearly seen that in Q-UD 
not only more events occur but they are of higher energy. As mentioned 
earlier, the higher number of events in Q-UD is attributed to the transverse 
cracks around the PET yarns. After 5% however, less events, but with higher 
energies are measured. These are attributed to the cracks which grow along 
the 0° steel yarns. On the surface of the samples their growth was also seen 
at the higher strains. Because no transverse yarns are present in P-UD 
composite, the AE is very limited and there were no cracks observed on the 
laminate surface during the test. This is remarkable since the strain-to-failure 
of the epoxy is only ± 4%. Hence, formation of cracks is likely being 
hindered by the homogeneous distribution of the steel fibres. 
 
Figure 5-15: Number of events per 0.5% strain interval divided per energy level on 
average for (a) weft Q-UD 0° laminates, (b) nonwoven UD 0° laminates 
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5.2.5.2 Cross-ply composites 
The AE results for the cross-ply laminates are presented Figure 5-16 and 
Figure 5-17. Due to the transverse cracks, much more events are recorded 
and hence also the cumulative energy is higher than in the case of the UD 
laminates. The onset of the higher energy events  in the cross-ply laminates 
starts at ± 0.5% strain, which is also the strain at which the drop  in the in-
situ behaviour of the 90° plies is observed. 
Less cumulative energy is measured for the P-UD structure. However this 
cannot be attributed to the lower number of events since there are on average 
an equal number of events measured between 0 and 5% strain in both cross-
ply materials. Hence the energy released from these events must be lower in 
P-UD. An explanation can be that transverse cracks in Q-UD release more 
energy because they are larger and grow into the neighbouring 0° plies by 
going around the 0° yarns. 
 
Figure 5-16: (a) Measured cumulative acoustic energy for each cross-ply sample and 
(insert) average cumulative acoustic energy (b) Measured cumulative number of events 
for each cross-ply sample and (insert) average cumulative number of events 
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As seen from Figure 5-17, in the P-UD cross-ply laminates, from 5% strain 
onwards, less events and with lower energy are recorded. Since the 
debonding of the 0° yarns is mainly seen in Q-UD and delaminations in P- 
UD, it is likely that the debonding of the 0° yarns requires more energy than 
the growth of delaminations. It is however not possible, based solely on the 
energy level, to identify which events are caused by which damage 
mechanism. 
 
Figure 5-17: Number of events per 0.5% strain interval divided per energy level on 
average for (a) weft Q-UD cross-ply laminates, (b) nonwoven UD cross-ply laminates 
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5.3 Case study for steel fibre/polypropylene composites 
Three stainless steel fibre architectures studied: a weft Q-UD steel fibre 
weave (section 2.2.2) (to be referred as Q-UD weave),  a 2x2 basket weave 
(section 2.2.3) and a satin weave (section 2.2.4). Composites with these fibre 
architectures are made using compression moulding as described in section 
2.4.2. 
 
5.3.1 Modelling methodology 
WiseTex [15] and TexComp [16] were used to model the stiffness of the 
different woven fabrics. WiseTex was used to geometrically model the 
architectures, which are then imported into TexComp. The TexComp 
software tool makes predictions based on the Eshelby solution and the Mori-
Tanaka homogenization. The calculated properties for the single ply are then 
used in the classical laminate theory to calculate the final laminate stiffness. 
Elastic constants of the PP matrix are taken as follows: E = 0.9 GPa, ν = 0.3. 
WiseTex predicts a fibre volume fraction of 39.8% for the basket weave, 
which is lower than the experimentally measured value, since nesting is not 
taken into account in the model. The experimentally measured stiffness 
values are normalized to 39.8%, in order to compare them to the modelled 
values using WiseTex and TexComp, which are all calculated based on a 
fibre volume fraction of 39.8%. 
To further predict the full stress-strain curve, the geometrical model of one 
ply from WiseTex was transferred into a FE package (Abaqus v6.12) using a 
python script [16] (Figure 5-18). The geometrical model of the 
reinforcement (i.e. yarn volumes) was implemented as an embedded region 
[18] in the matrix (the host region), as explained in [19]. The boundary 
conditions were prescribed such that they would mimic the conditions of  a 
tensile test on the laminate: an imposed displacement in the X-direction (0° 
direction) and an imposed Poisson’s contraction in the Y-direction (90° 
direction). Both displacements were applied using periodic boundary 
conditions (Figure 5-18). 
The Poisson’s ratio was chosen such that the resultant stresses in the Y 
direction were zero, to simulate the free edges in the tensile test. Two 
extreme cases were chosen for the boundary conditions in the Z-direction 
(thickness direction): periodic, simulating an infinitely thick laminate and 
free to simulate a single ply. 
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Figure 5-18: FE model of the basket weave, illustrating the  embedded yarns and the 
matrix as a host element as explained in [19] 
The finite element model was calculated both with elastic and elastic-plastic 
material properties to analyse the influence of the plasticity. The elastic 
material properties were the same as the ones used in the TexComp model. 
Chamis’ formulas were used to calculate the orthotropic elastic moduli and 
Poisson’s ratios of the UD steel/PP yarns. 
For the elastic-plastic model, the same elastic moduli where used. The 
plastic properties of the matrix were taken from experimental measurements 
on a single PP-film (section 2.3). 
The plastic properties of the UD steel fibre/PP yarns along its length was 
calculated by applying the linear rule of mixtures point by point to the entire 
experimentally measured stress-strain curves of a single stainless steel fibre 
and a PP-film. 
To account for anisotropic plastic deformation of the impregnated stainless 
steel yarns, a Hill yield surface is used [20]. The Hill yield surface allows to 
model anisotropic yielding. This plasticity model is defined by a set of yield 
ratios which scale the yield point in the different directions, but uses the 
same strain hardening for all directions.  
The stress-strain curve of the UD steel fibre/PP yarns along its length was 
calculated by applying the linear rule of mixtures to the entire 
experimentally measured stress-strain curves of a single stainless steel fibre 
and a PP-film. Fibre volume fraction inside the yarn was assumed to be 55%. 
The yield stress was defined at 127.5 MPa and 0.12% strain. 
The plastic part of the calculated stress-strain (i.e. starting at 127.5 MPa and 
0% strain) is imported in Abaqus. This determines the global plastic 
behaviour and global strain hardening. The yield ratio in the length direction 
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of the fibres is thus 1 (Table 5-4). The yield ratio’s in the transverse direction 
was determined by the yield point of pure PP (13.4 MPa). 
Since the strain hardening along the direction of the fibres was used as the 
global curve, a small overestimation in the directions where the polymer 
properties dominate is made, since a much lower strain hardening is 
expected in these directions. The error made by this simplification should be 
low, since the stresses in these directions are estimated to be an order of 
magnitude lower than in the fibre direction. 
 
Table 5-4: Yield ratios used for the anisotropic yielding 
R11 R22 R33 R12 R13 R23 
1 0.105 0.105 0.105 0.105 0.105 
 
5.3.2 Microstructural analysis 
The stainless steel fibre volume fraction was determined using two 
approaches: 1) calculated based on the laminate thickness and the fabric 
areal density and 2) measured using a matrix burn-off test according to 
ASTM D2584 standard. The quality of the produced laminates was 
investigated using optical microscopy. All laminates were found to have 
high quality impregnation with no voids or other defects detected (Figure 
5-19). Table 5-5 provides additional information about the composites 
produced. 
 
Figure 5-19: Optical microscopy images of the polished cross-sections of stainless steel 
fibre/PP laminates with different weave architectures: Q-UD weave (a), basket weave 
(b), satin weave (c). 
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Table 5-5: Parameters of the produced stainless steel fibre/PP composites 
 Q-UD weave Basket weave Satin weave 
Fabric layers, # 8 4 5 
PP films, # 32 44 26 
Stacking sequence (PP2,0, PP4,90, PP2,)2s (PP9,0,PP9,0,PP4)s (PP3,0,PP5,0,PP5,0�)s 
Thickness, mm 3,13 ± 0,03 2,68 ± 0,41 2,17 ± 0,02 
Vf (calculated),% 46,4 ± 0,4 47,7 ± 7,5 43,1 ± 0,3 
Vf (measured), % 45,6 ± 2,1 45,0 ± 2,5 45,4 ± 0,8 
 
5.3.3 Tensile behaviour 
Representative experimental stress-strain diagrams of stainless steel fibre/PP 
composites with different weave architectures are shown in Figure 5-20. 
Stresses were scaled to eliminate small differences in fibre volume fraction  
to Vf = 39.8%. This allows comparison to the stiffness predictions by 
TexComp and the FE model. 
All three curves show noticeable differences. The stiffness of the basket 
weave, which has the highest crimp, is lower in comparison with the other 
two composites (Table 5-6). The stiffness  of the Q-UD architecture is lower 
than of the satin weave which is unexpected. Since the Q-UD architecture 
has a lower crimp than the satin weave and the results were normalized, an 
equal (or higher) stiffness is expected. Further investigation of the surface of 
the Q-UD composites showed a clear misalignment of fibres, which could be 
a reason for the lower stiffness. Small fiber misalignment would lead to 
shear stresses in the matrix, which is in this case very soft, and hence to 
lower stresses in the longitudinal direction. 
The misalignment measured on the surface of tensile samples is found to be 
3° – 4°. Using the classical laminate theory, it is estimated that the 
misalignment of 4° would reduce the stiffness from 40 GPa to 33,6 GPa. The 
latter prediction is in good agreement with the measured stiffness of the Q-
UD composite. This misalignment could also be the reason for the lower 
yield stress and strength. 
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Figure 5-20: Representative stress-strain curves of stainless steel fibre/PP composites 
with different weave architectures, normalized to Vf = 39.8% 
 
Table 5-6: Tensile properties of stainless steel fibre/PP composites with different weave 
architectures (normalized to 39.8% fibre volume fraction) 
 Q-UD weave Satin weave Basket weave 
Stiffness [GPa] 33.3 ± 2.1 38.0 ± 3.9 15.5 ± 2.3 
TexComp predicted 
stiffness [GPa] 40.0 39.1 28.0 
Strength [MPa] 109.5 ± 4.1 127.9 ± 2.8 125.8 ± 3.0 
Yield point [MPa] 73.6 ± 1.8 82.7 ± 2.7 45.5 ± 9.1 
Strain-to-failure 13.0 ± 2.3% 12.1 ± 0.5% 10.5 ± 1.4% 
Dissipated energy [J/mm³] 12.2 ± 2.6 13.2 ± 0.7 10.5 ± 1.6 
Number of samples, # 5 3 5 
 
Strain-to-failure is the highest for the Q-UD architecture and despite the yarn 
interweaving and the difference in crimp, there is no large difference 
compared to the satin and basket weaves. The composite based on the basket 
weave exhibits a very different stress-strain behaviour up to 6% strain in 
comparison with the two other composites. Its stiffness and yield-point are 
much lower, although the final strength is similar to that of the satin weave.  
After testing, the basket weave samples have distinct patterned dimples and 
hills on the surface and showed extensive whitening of the PP matrix, 
indicating severe internal deformation (Figure 5-21).  The hypothesis for 
these dimples and hills was that the soft polypropylene allows the fibres to 
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de-crimp the yarns in the tensile direction, but as a result increases the crimp 
in de transverse direction. The structure internally deforms as if it was 
connected by hinges. These deformations happen in the out-of-plane 
direction of the fabric and hence create patterned dimples and hills on the 
surface of the sample. Due to these internal deformations, a larger strain is 
measured for a similar stress, which can be the reason for the lower stiffness, 
yield point and the different stress-strain behaviour of the composite with the 
basket weave. 
 
Figure 5-21: Surface of a tested steel fibre/PP basket weave composite 
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5.3.4 Modelling insights 
The measured stiffness of the basket weave composite is only half of the 
stiffness modelled in TexComp. This material is found to undergo significant 
out-of-plane deformation during the tensile test. A change in crimp during 
loading is not modelled by the TexComp software. The TexComp software 
does not model geometrical changes which could lead to  a significant 
overestimation of the stiffness for the basket weave. To prove this 
hypothesis a FE model of an infinitely thick (periodic boundary conditions in 
the Z-direction) and a single ply (free boundary conditions in the Z-
direction) basket weave composite was created (Figure 5-18). 
Table 5-7: Experimental and predicted Young’s modulus of stainless steel fibre/PP 
basket weave composite 
 Basket weave 
Experiment [GPa] 15.5 ± 2.3 
TexComp model [GPa] 28.0 
FE analysis elastic infinitely thick [GPa] 18.4 
FE analysis elastic-plastic infinitely thick  [GPa] 16.3 
FE analysis elastic-plastic one ply  [GPa] 12.4 
 
In the case of a linear elastic material, the stiffness predicted by the infinitely 
thick FE model is 18,4 GPa. This is a confirmation that the stiffness is 
overestimated by TexComp due to the constraint of no geometrical changes. 
The surface roughness of a tensile sample was measured using an optical 
profilometer (Veeco Wyko NT3300) - a noncontact 3D method to measure 
surface topography [21]. The experimentally measured surface profile 
(Figure 5-22b) resembles the patterned deformation of the infinitely thick FE 
model in the Z-direction (Figure 5-22a). 
No quantitative comparison is carried out since the surface profile is a free 
surface and due to the periodic boundary conditions, the model is considered 
infinitely thick.  
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Figure 5-22: (a) Predicted Z-deformation by the infinitely thick FE model, (b) 
experimentally measured surface profile of the stainless steel fibre/PP composite with 
the basket weave 
By implementing elastic-plastic material constants for both the impregnated 
yarns and matrix material a reduction in modelled stiffness is found due to 
the early onset of yielding (values are calculated at 0.1% applied strain) 
(Table 5-7). The experimental results fall in between the infinitely thick 
composite and the single ply composite. This is expected since the produced 
composites consist of four plies and hence a combination of both free 
surfaces and internal constraints is present. 
Using the same models, the full stress-strain diagram can be predicted 
(Figure 5-23). The modelled stress-strain curves of the infinitely thick 
laminate show the best agreement with the experimental results. 
 
Figure 5-23: Experimental (solid lines) and modelled (rhomboidal points) stress-strain 
curves of the composite with the basket weave architecture 
  
(a) (b) 
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5.3.5 Penetration impact behaviour 
Table 5-8 shows results of the impact tests up to penetration. The specific 
energy absorption is the energy absorption (J/mm) divided by the density of 
the composite. 
Table 5-8: Penetration impact test results for stainless steel fibre/PP composites with 
different weave architectures 
 Q-UD weave Basket weave Satin weave 
Energy absorption [J/mm] 68,1 ± 3,1 35,9 ± 3,7 35,4 ± 4,7 
Calculated density  4,1 ± 0,3 4,0 ± 0,4 4,0 ± 0,1 
Specific energy absorption 
[J.m2/kg] 16,6 ± 0,8 9,0 ± 0,9 8,8 ± 1,2 
Mass of the impactor [kg] 23,17 18,17 21,17 
Impact energy [J] 227,30 178,25 207,68 
Number of tested samples, # 4 4 5 
 
The results follow a typical trend also described in literature [13, 14]: 
composites with UD reinforcements are able to absorb more energy upon 
penetration than composites with weave architectures. The yarn 
interweaving and the higher interlaminar fracture toughness, due to the 
higher crimp and hence crack deflections, limits crack propagation and 
delamination and thus localizes the damage. Due to this localization, less 
stretching of the individual layers is possible and the ductility of fibres is not 
fully exploited. 
To benchmark the impact performance of the stainless steel fiber composites 
with conventional carbon and glass fiber polymer composites, data from the 
literature were collected. Since the experimental set-up can have a 
significant influence on the absorbed energy [12], only data for the 
penetration impact performed with a similar size impactor and clamps were 
chosen for the benchmarking. Due to this limitation, no papers were found 
which investigated penetration impact on composites with traditional fibres 
(e.g. carbon and glass) and a polypropylene or other thermoplastic matrices. 
The comparison will be done against epoxy based composites, therefore it 
should be interpreted with caution. 
Figure 5-24 compares the impact performance  of composites made from UD 
structures and weaves for laminates which have sufficient mechanical 
performance to be used in structural applications. Both for the UD structures 
and weaves, the stainless steel fibres outperform traditional composites like 
glass [22] and carbon [23] composites. Stainless steel fibre/PP composites 
absorb more than twice the energy when compared to GLARE [24], a 
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material used in aircrafts where impact is an important parameter. Stainless 
steel fibres also perform better than a hybrid based on glass and 
polypropylene fibres [25], specifically designed to have a high impact 
resistance. 
 
Figure 5-24: (a) Comparison of the absorbed en specific absorbed energy in penetration 
impact for stainless steel fiber/PP composites and for carbon and glass fiber composites 
with (a) UD structures and (b) woven architectures 
Due to the high density of the stainless steel fibres, also the specific 
absorbed energy (i.e. absorbed energy divided by the density of the laminate) 
is analysed. Figure 5-24a shows that the stainless steel fibre Q-UD laminate 
can still compete with E-glass, despite having a density which is twice as 
high. However, the E-glass-PP/epoxy hybrid absorbs more energy per 
density due to its low weight and high impact resistance. The synergetic 
effect in impact resistance when combining a brittle fibre with a ductile fibre 
could also be present when creating hybrids with stainless steel fibres. 
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5.4 Conclusions 
The results in this study showed that the microstructure and the weave 
architecture can influence the tensile and impact behaviour of steel fibre 
composites. 
The microstructure or more specifically the fibre distribution can alter the 
fracture behaviour. A difference in crack formation was seen in UD 
composites, but due to the incorrect failure, the results were inconclusive. 
In a cross-ply composite, a higher local fibre volume fraction increases the 
local stress concentrations in the 90° layers and likely decreases the strength 
of these layers. However, the high fibre packing in bundles is shown to be 
beneficial for the increase of the failure strain of the 0° layers. The results 
are conclusive if transverse cracks are present to initiate the final failure. 
By analysing the damage development from direct crack observations on the 
specimen surface and the AE registration, a distinct difference was noted 
between the failure of the 0° layers with a highly packed fibre bundles 
separated by resin rich zones and the layers with a more homogenous fibre 
distribution. A hypothesis was proposed to explain this effect of the 
microstructure. It was suggested that the close packing of fibres forces 
cracks to grow around the 0° yarns and debond them rather than single 
fibres. This delays necking of individual fibres. Additionally the close 
proximity of other steel fibres changes the stress field when a fibre starts 
necking. Hence the onset of necking is hindered as long as the interface is 
strong enough and final failure is delayed.  
In the study on steel fibre/PP composites no large differences in composite 
strain-to-failure were found, despite the yarn interweaving and the difference 
in crimp. But, in the case of the basket weave (highest crimp), the composite 
has significant out-of-plane deformation during tensile loading. This effect 
becomes noticeable at low strains and is facilitated by the low stiffness and 
yield stress of PP matrix. As a result, the composite stiffness and yield stress 
for the basket weave architecture are lower in comparison with the satin 
weave and quasi-unidirectional architectures. The FE analysis confirmed that 
the out-of plane deformation leads to a reduction of the composite stiffness. 
The stress-strain diagrams of the composite were predicted with good 
accuracy against experimental data. 
The impact test results showed that the high ductility of the composites in 
tensile tests is transferred into an improved impact performance. The 
stainless steel fibre composites outperform conventional composites used for 
structural applications such as carbon and glass fiber composites. When the 
density of stainless steel fiber composites is taken into account, their specific 
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absorbed energy is comparable to glass fibre composites, but still higher than 
carbon fibre composites. 
The composites with UD reinforcements are able to absorb more energy in 
penetration than composites with weave architectures, which is a trend also 
described in literature for brittle fibre composites. 
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Chapter 6 
Influence of the interphase properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
Every decently-made object, from a house to a lamp post to a bridge, 
spoon or egg cup, is not just a piece of 'stuff' but a physical 
embodiment of human energy, testimony to the magical ability of our 
species to take raw materials and turn them into things of use, value 
and beauty. 
 Kevin McCloud  
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6 Influence of the interphase properties 
6.1 Introduction 
Previous chapters have shown that composites made from steel fibres 
possess a high stiffness and a high strain-to-failure. However, the full 
potential of this new type of fibres - 20% strain-to-failure - has not yet been 
realized in composites. The importance of an optimal  fibre/matrix 
interphase in these materials was emphasized in chapter 4, where it was 
reported that on the fracture surface, all stainless steel fibres were locally 
debonded from the matrix. 
The fibre/matrix interphase plays an important role in controlling the 
mechanical behaviour of composites. In case of a matrix which is more 
brittle than the fibres, such as metal or ceramic matrix composites, it is long 
known that an optimum adhesion exists for maximum fracture toughness [1-
4]. Development of matrix cracks can be hindered by increasing the 
adhesion, while a too high adhesion leads to localisation and magnification 
of the strain inside the fibres which likely causes earlier failure. Thus, an 
optimal level of adhesion is sought [5-9]. This optimum adhesion is strongly 
dependant on the combination of fibres and matrix and the required 
mechanical properties. 
In more traditional composites such as glass, carbon or natural fibre 
reinforced polymer composites, a similar trend is seen. A higher adhesion 
can increase crack initiation loads, strength and damage tolerance in impact, 
but decrease the energy needed for crack propagation and compression after 
impact strength [10-15]. 
The adhesion strength is also important for transverse properties of UD 
composites. Since stainless steel fibres are isotropic and have very high 
stiffness, the mismatch between the stiffness values of stainless steel and 
polymer is about two orders of magnitude high. This creates very high stress 
concentrations at or near the fiber/matrix interphase [16], which can lead to 
an early onset of matrix cracks and fibre/matrix debonding. By increasing 
the interphase strength, this onset can be delayed. 
The adhesion can be modified with coupling agents. For a durable bond 
between polymeric and inorganic materials, silane coupling agents are  most 
commonly used [17, 18]. While the properties and quality of silane layers 
strongly depend on the deposition conditions and can vary greatly between 
applications, it is generally accepted that coupling of a metal and a polymer 
matrix through a silane often results in better adhesion and durability 
compared to direct coupling. Many studies reported an increase in the 
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adhesion strength when using silanes to construct metal-polymer joints, 
which can be up to more than 100% stronger compared to untreated joints 
[18-23]. 
A universal silane that can be applicable to all metals and matrices and 
useful for all purposes does not exist. Silanes differ in physical and chemical 
characteristics. There are some silanes that are referenced in the literature 
more often because of their excellent properties. These are 3-
glycidoxypropyltrimethoxysilane (GPS), 3-aminopropyltriethoxysilane 
(APS), and bis-silanes, especially 1,2-bis-(triethoxysilyl)ethane (BTSE) [24]. 
 
6.2 Methodology 
6.2.1 Silane treatment 
The stainless steel fiber weft Q-UD fabric (section 2.2.2) is treated with 
silane coupling agents to establish a chemical bridge by covalent bonds 
between the stainless steel surface and the epoxy or PA-6 matrix. The 
deposition is done by dipping the stainless steel fibres into an alkoxysilane 
solution in a water/alcohol mixture. The alkoxysilane molecules in solution 
need to be sufficiently hydrolysed before they can attach to the stainless steel 
surface by condensation of hydroxyl groups, while self-condensation in 
solution should be minimized (Figure 6-1a and b). 
 
Figure 6-1: (a) Alkoxysilane hydrolysis and self-condensation, (b) condensation to the 
surface, (c) Silanes used: APS, GPS and BTSE 
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The silanes used in this study are shown in Figure 6-1c: 3-Aminopropyl-
triethoxysilane (APS) and 3-glycidoxypropyltrimethoxysilane (GPS) were 
purchased from Acros Organics, 1,2-bis(triethoxysilyl)ethane (BTSE) and 
acetic acid from Aldrich. 
Before deposition of the silanes, the stainless steel fibres were cleaned 
ultrasonically in ethanol for 15 minutes. After rinsing them in water and air 
drying, the stainless steel fibres were dipped in the alkoxysilane solutions 
and briefly rinsed in ethanol. The APS solution was prepared from a 90/10 
(v/v) water/ethanol mixture to which 2 v% silane was added. The GPS 
solution was prepared analogously, but the mixture was acidified with acetic 
acid up to pH 5. The BTSE solution was prepared starting from a 50/50 (v/v) 
water/ethanol mixture and also acidified with acetic acid. These solutions 
were stirred until maximum hydrolysis was reached. Hydrolysis and self-
condensation were checked using NMR [22, 23]. 
After deposition, APS and GPS condensation to the substrate occurred by 4h 
of condensation in a vacuum oven at 90°C. In the case of combination with 
BTSE, the latter was first deposited on the substrate, dried for 1h at 90°C in 
a vacuum oven, after which APS was applied as described above. With these 
coated fibres composites were produced within 1 hour after drying in a 
vacuum oven to eliminate aging effects. 
6.2.2 Quality control and fibre volume fraction 
The quality of the produced laminates was investigated using optical 
microscopy (Figure 6-2). Good impregnation was achieved with no voids or 
defects detected. The thickness and the fibre volume fraction of the 
laminates are listed in Table 6-1 
The fibre volume fraction is calculated based on the thickness of the 
composite and the areal density of the fabric. The fibre volume fraction in 
composites with PA-6 matrix is higher than in composites with epoxy due to 
the high pressure applied in compression moulding, which resulted in thinner 
laminates. Typically no difference was found between treated and untreated 
laminates, with an exception of the APS coated UD epoxy laminate which 
had a significantly lower fibre volume fraction in comparison with the 
untreated epoxy composite. This was possibly due to minor misalignment of 
the fabrics which prevented nesting of different layers. The material in Table 
6-1, indicated as reference, is a laminate made with untreated fibres. 
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Figure 6-2: Optical microscopy image of the cross-section of an untreated UD steel fibre 
laminate with (a) an epoxy matrix and (b) a PA-6 matrix 
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Table 6-1: Parameters of the produced composites 
Matrix Lay-up Coating Laminate thickness [mm] 
Vf, [%] 
areal weight 
approach 
Epoxy 
UD 
Reference 1.33 ± 0.07 40.2 ± 2.0 
APS 1.59 ± 0.02 34.4 ± 0.3 
GPS 1.37 ± 0.03 38.9 ± 1.0 
APS + BTSE 1.48 ± 0.08 37.0 ± 1.8 
Cross-ply Reference 1.93 ± 0.03 38.5 ± 1.2 
 GPS 1.89 ± 0.03 38.0 ± 0.7 
     
PA-6 
UD Reference 1.65 ± 0.03 43.2 ± 0.9 
 APS 1.65 ± 0.04 43.2 ± 1.1 
Cross-ply 
 Reference 1.58 ± 0.04 45.4 ± 1.0 
 APS 1.60 ± 0.04 44.9 ± 1.0 
 
6.2.3 Modelling techniques 
WiseTex [25] and TexComp [26] were used to model the stiffness of the Q-
UD fabric. WiseTex was used to geometrically model the architecture, 
which is then imported into TexComp. The TexComp software tool makes 
predictions based on the Eshelby solution and the Mori-Tanaka 
homogenization. The calculated properties for the single ply are then used in 
the classical laminate theory to calculate the final laminate stiffness. 
Properties of The PA-6 matrix are taken as follows: E = 0.91 GPa @RT and 
0.46 @60°C, ν = 0.45 (based on experimental measurements). The fibre 
volume fraction is assumed to be 40%. 
In chapter 5 a hypothesis was formulated that the proximity of neighbouring 
fibres can influence the stress field inside a necking fibre, which could delay 
necking. 
A finite element model was created to analyse the tri-axial stress-strain state 
inside a necking fibre. A representative volume element (RVE) of a 
hexagonal packing of fibres with hexagonal cross-sections was modelled in 
Abaqus v6.12 (Figure 6-3), with different fibre volume fractions. This is 
only modelled for PA-6 where neither cracks nor local debonding were 
observed experimentally as they are also not taken into account in the FE 
model. 
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Since necking is a phenomenon caused by a local instability no necking 
would be modelled or predicted if all fibres have the same cross-section. 
Therefore the cross-section of a single fibre is modelled 10% larger at the 
top. Thus, one tapered fibre is created and the angle of taper depends on the 
ratio of the cross-sections and the length of the model in the Z-direction. The 
latter is twice the diameter of a fibre. This is done to mimick necking in this 
fibre. In reality no such thickness variations occur and necking occurs due to 
a local instability, introduced by a local heterogeneity in the microstructure 
of the steel or a local smaller perimeter of the fibre.  
Based on the same FE model, three variations are investigated: a single 
tapered fibre, a single tapered fibre in a block of matrix material and a 
tapered fiber with a set of fibres placed in a hexagonal packing around it to 
simulate a UD composite. These fibres have a constant cross-section. In the 
UD composites, the parameter that will be varied is the distance between the 
tapered fibre and the other fibres.  Results will be presented in function of 
the fibre volume fraction of the RVE. Due to the tapering of a single fibre, 
the fibre volume fraction is higher at the position where the cross-section of 
the fibre is the largest (Figure 6-3b, indicated by point 1 ). The region of 
interest is at the smallest cross-section of the tapered fibre (Figure 6-3b, 
point 2 ) and hence the fibre volume fraction is calculated based on the 
surface area on position (2). Due to the tapering the local fibre volume 
fraction will be slightly higher at position (1). 
The fibres which have a constant cross-section will deform homogeneously. 
Symmetry boundary conditions are used on one side in X- and Y-direction 
(point 3 and 4 in Figure 6-3a and b) to model only one fourth of the full 
model. The other XZ- and YZ-planes have free boundary conditions in order 
to allow Poisson contraction of the entire model. The free boundary 
conditions are only separated from the fibre of interest by two other fibres, 
but due to the low stiffness and high ductility of the PA-6 matrix, it is 
expected that any edge effects will only be present close to the border of the 
model and will not influence the results in the tapered fibre. 
Symmetry conditions are also applied on the plane where the tapered fibre 
has the smallest cross-section to model a symmetrically necking fibre. Thus 
the effective length of the model is four times the diameter of a fibre. 20% 
strain is applied in the Z-direction on the other side. 
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Figure 6-3: (a) Schematic 2D representation of the representative volume element , (b) 
3D representation of the finite element model and (c) illustration of the mesh size in the 
embedded and host element 
To allow easy meshing, the tapered fibre is meshed separately and linked to 
the full model using the embedded element technique [27, 28]. The size of 
the mesh is chosen as such that at the highest fibre volume at least two 
matrix elements separate the fibres. The mesh size is the same for all models 
and hence at lower fibre volume fractions a higher number of matrix 
elements is present. The size of the mesh of host and embedded elements is 
chosen to be almost the same. This allows a very good match between the 
two meshes. The meshes are shown in Figure 6-3c and the colour indicates 
the assigned material (green = PA-6 and grey = steel). 
The same elastic material properties as for WiseTex are used and the plastic 
true stresses and true strains are based on experimental measurements on a 
single fibre and the neat PA-6 matrix at room temperature. The materials are 
assumed to be isotropic. This is a reasonable assumption for the steel fibres 
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since they are annealed and hence fully recrystallized and also for the PA-6 
since it is molten and quickly cooled during composite production and no 
preferential orientation of the molecules and hence no anisotropy is 
expected. 
Several properties are investigated in function of the fibre volume fraction: 
The longitudinal strain distribution (Z-direction) in the tapered fibre, the 
Poisson contraction in the XY-plane at point (2), which is calculated based 
on the local contraction (2nd invariant strain) and the applied strain (20%) 
and the longitudinal stress in the XY-plane at point (2). 
 
6.3 Case study of steel fibre/epoxy composite 
6.3.1 Transverse 3-point bending results 
The transverse 3-point bending test results of treated and untreated steel 
fibre/epoxy composites are reported in Table 6-2. A significantly higher 
strength is measured in the case of the APS and GPS coatings. The highest 
increase in strength, 46%, was measured with the GPS coating. The 
combination of BTSE and APS decreased the strength by 32%. 
Table 6-2: Transverse 3-point-bending strength of stainless steel fibre/epoxy composites 
with different fibre surface treatments 
 3-point bending strength [MPa] Nr. of samples Difference 
Reference  42.1 ± 8.3 6 0% 
APS coated 54.4 ± 8.2 5 + 29.3% 
GPS coated 61.5 ± 8.0 6 + 46.1% 
BTSE + APS 
coated 28.7 ± 5.0 6 -31.7% 
 
By optimizing the silane solutions and the dipping treatments these results 
could be further improved [22, 23]. Due to the highest adhesion 
improvement realised by the GPS treatment, it was selected for further 
characterization of the tensile properties of  these stainless steel fibre/epoxy 
composites. 
 
  
Chapter 6 
156 
6.3.2 Tensile test results: UD epoxy composites 
Figure 6-4a shows the stress-strain curves of the tested UD epoxy 
specimens. The reference material shows a strain-to-failure of 15.4 ± 1.4%. 
For the GPS treated samples, the strain-to-failure, strength and toughness of 
the UD stainless steel composites is improved by the increased adhesion. 
Strength is increased by 5%, strain-to-failure by 20% and toughness (area 
underneath the tensile curve) by 21%. 
 
Figure 6-4: (a) Stress-strain curves of the UD and cross-ply stainless steel fibre/epoxy 
laminates as measured, (b) stress-strain curves normalized to a fibre volume fraction of 
40% 
The measured stress-strain curves show some small differences between the 
reference UD composite and the GPS coated UD composite. After 
normalization to the same fibre volume fraction this difference disappears 
(Figure 6-4b). In further analysis all data are normalized to a fibre volume 
fraction of 40% to eliminate effects coming from the thickness variations. 
Table 6-3 presents an overview of the tensile properties. As expected, the 
stiffness is not altered by the silane treatment. The experimentally measured 
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stiffness is comparable to the stiffness from the theoretical model, but shows 
a relatively large scatter. This can be attributed to local misalignments of the 
fibres, since a 2° misalignment already decreases the stiffness by 3.5% (from 
78.9 to 76.1 GPa, based on the classical laminate theory). 
Table 6-3: Tensile properties of the UD and cross-ply stainless steel fibre/epoxy 
composites, normalized to Vf=40% 
 UD composites Cross-ply composites 
 Reference GPS coated Reference GPS coated 
Nr. of samples 5 6 5 6 
Normalized Stiffness 
[GPa] - experimental 77.3 ± 5.3 74.5 ± 5.8 44.6 ± 2.8 46.4 ± 4.0 
Stiffness [GPa] – 
theoretical 78.9 43.2 
Specific Stiffness 
[GPa.cm³/g] - 
experimental 
19.7 ± 1.4 19.0 ± 1.5 11.4 ± 0.7 11.8 ± 1.0 
Normalized yield 
stress [MPa] σyield 
164.2 ± 2.6 163.1 ± 2.1 97.6 ± 2.1 102.6 ± 2.3 
Normalized strength 
[MPa] σUTS 
268.3 ± 5.6 281.1 ± 5.3 128.2 ± 5.0 134.6 ± 1.2 
Strain-to-failure, [%] 
εult 
15.4 ± 1.4 18.6 ± 1.5 14.8 ± 2.4 17.8 ± 1.0 
Dissipated energy 
[J/mm³] 36.7 ± 3.7 44.5 ± 4.3 16.9 ± 3.2 20.8 ± 1.4 
Normalized in-situ 
90°ply strength 
[MPa] 
  37.9 ± 4.2 45.5 ± 4.1 
 
To further understand the improvements in toughness of the UD epoxy 
composites due to the GPS coating and hence the increased adhesion, the 
damage evolution on the surface of the tensile samples is examined. Figure 
6-5a shows images of the samples tested till certain levels of strain. Between 
0% and 5% strain, only a limited number of cracks can be seen. The 
transverse PET yarns are likely to debond first and hence initiate cracks. 
At strain levels higher than 5%, more cracks form and they appear to grow 
along the stainless steel fibre yarns. In the zones in between the PET yarns, 
nearly no cracks appear. Even at 16% strain most damage seen on the 
surface of the samples is found close to the PET yarns. Although not very 
clear on the images in Figure 6-5, the damage zones with multiple cracks are 
found to be wider (along the loading direction) in the case of the reference 
composite. To have an unbiased comparison between the two systems, 
average grey scale (a value between 0 and 1) of each image was plotted as a 
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function of strain for all tested specimens. These average grey scales were 
normalized and averaged for all different samples of the untreated and 
treated composites to illustrate a relative shift in grey scale. 
This relative shift in grey scale and the 95% confidence interval, is presented 
in Figure 6-5b for the untreated and treated composites. From this it could be 
concluded that at a similar level of strain larger white areas (i.e. damaged 
zone) are recorded on the surface of the reference system compared to the 
GPS coated system. This difference becomes noticeable in the grey values 
from ± 5% strain onwards, and in Figure 6-5a at 16% strain the width of the 
damaged zone is clearly larger for the reference system. 
 
Figure 6-5: (a) Front view of the UD epoxy tensile samples during testing at several 
levels of strain and (b) relative grey scale of the surface of the samples as a function of 
strain. 
Based on these observations a hypothesis is formulated. Because the epoxy 
matrix is more brittle than the fibers, cracks will first appear in the matrix. 
These can be initiated due to the debonding of a PET fibre or due to 
transverse cracks inside the 90° layer in case of a cross-ply laminate (Figure 
6-6-1). This crack continues to grow, but due to the high local packing of 
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stainless steel fibres, it grows around the steel yarn and debonds the yarn 
rather than single fibres (Figure 6-6-2). This growth can be seen on the 
sample surface as a colour change. Due to the higher adhesion in the GPS 
coated system, this debonding is slower and can be seen on the surface of the 
samples as a smaller damaged zone (Figure 6-5a). 
Upon further loading, strain magnification occurs in de debonded zone and 
small matrix cracks are formed inside the highly packed yarns (Figure 6-6-
3). Since the debonded region at the same applied strain is smaller in the 
GPS coated samples (with higher adhesion), the strain magnification is 
expected to be larger there. However, at failure, almost similar debonded 
lengths are found in both untreated and treated samples. Since the treated 
samples failed at a higher strain, the debonded zone continues to grow until 
failure of the fibres and this effect is expected to play a minor effect on the 
composite strain to failure. 
The new formed matrix crack can now grow along a single fibre, debonding 
it, which is a prerequisite for the onset of necking and final failure of the 
fibre (Figure 6-6-4). If a fibre remains fully attached to the epoxy matrix, a 
triaxial stress-strain state is present due to the surrounding closely packed 
stiff fibres. This hinders the ductile failure of the stainless steel fibres which 
requires local necking. When a fibre is debonded, it does not feel the 
surrounding fibres and has a possibility to start necking and fibre failure can 
occur (Figure 6-6-5). Because the Weibull distribution of the strength of 
these stainless steel fibres is narrow, yarn fracture and final composite 
failure follow shortly (Figure 6-6-6). It is expected that the higher adhesion 
will delay the debonding of a single fibre and as a consequence delay its 
necking and failure. 
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Figure 6-6: Hypothesis for the fracture behaviour of the stainless steel fibre/epoxy 
composites 
The observations of cracks on the surface of the samples are compared with 
the acoustic emission data. Figure 6-7a shows cumulative acoustic energy 
curves for all samples. Due to the scatter on the curves, no clear differences 
can be distinguished between the two composites. However, when the 
average of the cumulative acoustic energy is calculated (Figure 6-7c), some 
small differences become visible. At strains below 5%, more cumulative 
acoustic energy is measured in the GPS coated samples. This is inverted at 
5% strain. A similar and more clear trend can be seen when considering the 
cumulative number of events (Figure 6-7d). At strains lower than 5%, an 
equal amount of cumulative events is measured, while at strains higher than 
5%, more cumulative events are measured in the reference material. 
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Figure 6-7: (a) Cumulative acoustic energy for UD composites, (b) cumulative number 
of events for UD composites, (c) cumulative acoustic energy for cross-ply composites, (d) 
cumulative number of events for cross-ply composites. An insert shows average curves. 
These cumulative curves indicate that events which occur in the GPS coated 
specimens before 5% strain are, on average, of higher energy compared to 
those in the reference system. This is because the number of events is similar 
in both composites. These events are likely to be generated by debonding of 
the PET yarn followed by matrix cracks. The location of the AE signals was 
also analysed in relation to their position along the specimen length. It was 
found that they clustered along the length at distances that are similar to the 
spacing between the PET yarns. The number of PET yarns is similar in both 
composites and they are located in the same place in the different layers of 
the fabrics, hence a similar number of events is expected. It is possible that 
the PET yarn has a better adhesion due to the silane coating and hence these 
cracks produce the higher energy events when they form before 5% strain. 
Figure 6-8 shows events that occur in strain intervals of 0.5%. This is done 
till just before the failure of the first sample to avoid averaging over the high 
number of events occurring at final failure. Colours in the graph differentiate 
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events per energy-level. In the GPS coated specimens, the events occurring 
before 5% strain release ± 10 times higher energy. 
When the strain is higher than 5%, in total less events occur in the treated 
system, as noted before. The energy of these events in the reference system 
are also shifted towards lower energies (more green in Figure 6-8a and a 
lower curve in on Figure 6-7c). The dissipated energy per 0.5% strain is 
approximately constant in the GPS coated samples from ± 8.5% strain. A 
possible explanation for the lower number of events and a lower energy for 
the GPS treated composites might be that the cracks growing along the 
stainless steel yarns propagate slower in the case of a higher adhesion. The 
onset of  debonding of single steel fibres is only expected shortly before final 
failure of the composite and is hence not shown in this graph. This local 
failure is accompanied by an increase in cumulative energy and events as 
seen on Figure 6-7a and b by the tails of the graphs. 
 
Figure 6-8: Number of events per 0.5% strain interval divided per energy level on 
average for (a) the reference UD composites and (b) the GPS coated UD composites 
To conclude, the hypothesis is that in UD epoxy composites the higher 
adhesion is found to delay debonding of the stainless steel fibres which 
delays necking, leading to a delay in the final composite failure. 
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6.3.3 Tensile test results: cross-ply composites 
Figure 6-4b shows the normalized stress-strain curves of the tested cross-ply 
specimens. Similarly to the UD composites, an increase in strain-to-failure is 
found for the GPS coated samples. The presence of 90° layers does not seem 
to alter the strain-to-failure, since it is comparable to the UD composites for 
both systems. The strength, strain-to-failure and toughness of the cross-ply 
stainless steel composites is improved with higher adhesion. Strength is 
increased by 5%, strain-to-failure by 20% and toughness (area underneath 
the tensile curve) by 23%. 
No significant difference in stiffness is found between the reference and GPS 
coated system and the stiffness is in agreement with the theoretical stiffness 
(Table 6-3). The scatter on the normalized stiffness is likely due to small 
differences in thickness and hence differences in the calculated fibre volume 
fractions which are used for normalisation.  
In contrast to the UD composites, also the normalized yield stress is 
increased by 5% due the increased adhesion. It is however likely that this 
yield stress is, in the cross-ply composites, influenced by damage in the 90° 
layer. To analyse this, the in-situ stress-strain behaviour of the 90° plies is 
calculated (Figure 6-9).  The curves show a peak in stress at ± 0.4% strain, 
indicating failure of the 90° plies. Due to the higher adhesion, this in-situ 
strength of the 90° ply is 18% higher for the GPS coated system. The 
strength values are in good agreement with the transverse 3-point bending 
strengths (Table 6-2). 
Some in-situ 90° curves have negative stress values from 6% strain onwards. 
This indicates that the assumption that the 0° layer is not affected by the 
damage in the 90° layer is not valid anymore. Hence also damage in the 0° 
layer would be expected. In the case of the reference material, this occurs at 
6.6 ± 0.5% and in the case of the GPS coated material, this occurs at 9.9 ± 
2.2%. 
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Figure 6-9: Back calculated in-situ behaviour of the 90° plies of all experimentally 
measured stress-strain curves (a) and average curves (b) 
Figure 6-10a shows the surface of the cross-ply samples at different strain 
levels. At 1% strain, several transverse cracks become visible in both 
composites. Although difficult to see on the small figure, more cracks are 
found in the reference composite. Moreover, more cracks appear to have 
grown arround the 0° stainless steel yarns towards the surface of the sample 
in the reference material. This can be seen from white areas just next to the 
0° yarns and in the relative shift in grey value which becomes higher in the 
reference system from 1.5-2% strain (Figure 6-10b). 
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Figure 6-10: (a) Front view images of the cross-ply tensile samples during testing at 
several levels of strain and (b) relative grey scale of the surface of the samples as a 
function of strain 
At 5% strain more transverse cracks and also debonding cracks along the 
stainless steel fibre yarns become visible in both systems. At 10% strain the 
number of transverse cracks does not seem to grow. The extent of the 
debonding cracks is, however, much larger. The number of transverse cracks 
saturates at this strain level. This may be explained as follows. When a 
transverse crack is formed inside a yarn, there is a significant local drop in 
stress. Due to the small size of yarns and the growth of interlaminar cracks, 
the stress cannot build up again to the level needed for another yarn fracture. 
Hence, when all 90° yarns have a transverse crack, damage progresses by 
debonding of the stainless steel yarns (similar as in the UD composites), and 
also as interlaminar cracks. From damage observations on the specimen 
surface and the increase in grey value, more and longer debonding cracks are 
found in the reference system than in the treated steel fibre composite at 
similar levels of strain. 
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Figure 6-11 shows the measured cumulative acoustic energy (a) and 
cumulative number of events (b) for each sample. No significant differences 
can be noted from these cumulative curves between the treated and untreated 
samples. Compared to the UD tensile samples, higher cumulative energies 
and higher number of events are found.  
Similarly to the UD composites, the acoustic emission can also be shown as 
events occurring in strain intervals of 0.5% and differentiated per energy-
level (Figure 6-12). Compared to the UD composites, much more events 
with higher energy are detected due to the presence of the 90° layer. 
 
Figure 6-11: (a) cumulative acoustic energy, (b) average cumulative acoustic energy, (c) 
cumulative number of events and (d) average cumulative number of events for cross-ply 
composites 
When comparing the reference material with the GPS coated material, more 
(high energy) events can be found before 1% in the reference material. 
Because of the lower transverse strength (Table 6-2) it is plausible to assume 
that the 90° layers in the reference material have more cracks at similar 
strain levels. This is also supported by observations of damage on the surface 
of the samples and explains the larger drop in in-situ behaviour of the 90° 
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plies. Hence, as expected the improved adhesion has a direct influence on 
the strength of the transverse plies. 
No significant differences in acoustic events are found between 2% and 7%. 
At strains above 7%, the number of events decreases in the reference system, 
but remains constant in the GPS coated system. However, the energy 
dissipated by these events is lower than at smaller strains in both systems. 
This indicates a possible change in the mechanism of damage development. 
Indeed,  at 10% strain the number of transverse cracks does not seem to be 
much higher than at 5% strain, but the length of debonding cracks is much 
larger. A plausible hypothesis is that the higher energy events are caused by 
transverse cracks in the 90° plies and the lower energy events are attributed 
to debonding of the stainless steel yarns and cracks growing along the yarns. 
This transition from the higher energy events to the lower energy at ±7% 
strain is slightly delayed in the composites with better adhesion. This can be 
shown more clearly by making the cumulative sum of only the high energy 
events (Figure 6-12c). 
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Figure 6-12: (a) Number of events per 0.5% strain interval divided per energy level on 
average for the reference cross-ply composites, (b) Number of events per 0.5% strain 
interval divided per energy level on average for the GPS coated cross-ply composites, (c) 
Average cumulative number of events with an energy higher than 1E6. 
The hypothesis for higher toughness in the GPS samples is the same as for 
the UD composites: the higher adhesion postpones the debonding of 
individual stainless steel fibres and hinders necking. This gives an additional 
gain in the composite strain-to-failure. 
The difference between the quasi UD composites and the cross-ply 
composites is that in the former the onset of transverse cracks occurs in the 
PET yarns and in the latter in the 90° plies. Generally, there is  more overall 
damage visible on the surface of cross-ply laminates. Since the strain-to 
failure of the UD and cross-ply composites is almost the same, it appears 
that stress concentrations from a transverse crack inside a stainless steel fiber 
bundle or inside a PET yarn are not necessarily different and hence the effect 
of adhesion on (the delay of) necking is predominant. 
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6.4 Case study of steel fibre/PA-6 composite 
6.4.1 Transverse 3-point bending results 
The transverse 3-point bending test of the steel fibre/PA-6 composites results 
are reported in Table 6-4. A significantly higher strength is measured in the 
case of the APS coating and in case of dried samples. Although also 
moisture has a significant influence on the transverse 3-point bending 
strength, the difference is clearly surpassed by the APS coating. An analysis 
of variance (ANOVA) was done on the interaction between the  effect of the 
moisture and coating, but no significant interaction was found. 
Table 6-4: Transverse 3-point-bending strength of steel fibre/PA-6 composites with 
different fibre surface treatments 
 3-point bending strength [MPa] 
Nr. of 
samples 
Difference due 
to the coating 
Difference 
due to drying 
Reference  17.8 ± 3.2 4   
APS coated 33.2 ± 2.6 4 + 87%  
Reference 
(dried) 23.3 ± 1.0 4  + 31% 
APS coated 
(dried) 41.5 ± 5.5 3 +78% + 25% 
 
Despite the high ductility and toughness of the PA-6 matrix, a clear fracture 
and hence drop in stress was measured in all samples. It is thus likely that, 
even with the higher adhesion in case of the APS coating, the interphase is 
still the weakest region due to the high stiffness mismatch and resulting high 
stress concentrations around the fibres. By optimizing characteristics of the 
silane solution and the dipping treatment these results could be further 
improved. 
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6.4.2 Tensile test results: PA-6 matrix and UD composites 
Figure 6-13 shows the stress-strain behaviour of the neat PA-6 matrix at 
room temperature and 60°C. At 60°C the stiffness decreases from 0.91 ± 
0.06 GPa to 0.46 ± 0.01 GPa and the yield strength from 13.9 ± 1.8 MPa to 
10.7 ± 0.6 MPa. Samples were not tested until failure, because the strain-to-
failure of the matrix will in both cases be much larger than the strain-to-
failure of the steel fibres. 
 
Figure 6-13: Stress-strain curves of the neat PA-6 at room temperature and at 60°C 
The influence of this difference in mechanical properties of the matrix, can 
now be analysed independently of the interphase properties, by testing the 
steel fibre / PA-6 composites at room temperature and at 60°C. 
Figure 6-15a and b presents the average and 95% confidence interval of the 
stress-strain curves of the UD steel fibre / PA-6 composites both at room 
temperature and at 60°C. All UD composites show a high ductile 
deformation and a high strain-to-failure (up to 20%, Table 6-5). The 
measured strain-to-failure is up to 10 times higher than a typical carbon fibre 
composite and 5 times higher than a typical glass fibre composite, which 
indicates the potential of steel fibres. This is, however, still an 
underestimation since nearly all samples failed close to the clamps. As 
presented in chapter 4, a correct failure (i.e. away from the clamps) is not 
easy to achieve due to the high Poisson contraction at high failure strains, 
creating a large mismatch in transverse strain between the unclamped and 
clamped regions. 
The strain-to-failure of the APS coated composites is both at room 
temperature and at 60°C significantly higher (respectively 21.4% and 19.7% 
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and hence 30% and 52% higher). Such a strong increase was not expected. 
The strain-to-failure of the matrix exceeds the strain-to-failure of the fibres 
and thus first fibre failure should occur, independent of the adhesion. Due to 
the high fibre volume fraction fibre failure would lead to composite failure. 
A possible explanation could be that the steel fibres fracture in multiple 
places and that when the adhesion is high enough, stress transfer can occur 
through the matrix. However, no indications for multiple fractures are found. 
A second hypothesis could be that the steel fibres are packed so closely that 
the proximity of other steel fibres changes the stress field when the fibre 
starts necking. Locally a tri-axial stress-strain-state could be generated which 
could delay necking, if the adhesion is sufficient (Figure 6-14-2). This 
hypothesis is examined in section 6.4.3. If the stresses inside the matrix 
become higher than the adhesion, the fibre debonds (Figure 6-14-3). Since 
the matrix is locally not connected to the fibre, there is no more stress 
transfer and fibre necking is not anymore hindered (Figure 6-14-4). The 
failure of a single fibre increases the stress in the neighbouring fibres which 
also start debonding and necking (Figure 6-14-5) until all fibres fail which 
results in composite failure (Figure 6-14-6). 
 
Figure 6-14: Hypothesis for the fracture behaviour of the stainless steel fibre/PA-6 
composites 
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Similarly to the strain-to-failure, both the strength and dissipated energy are 
significantly higher in composites with an APS coating. However, through 
ANOVA, it appears that also the temperature and hence the mechanical 
properties of the matrix have a significant influence on the strain-to-failure, 
strength and dissipated energy of the composite. The decrease due to a 
higher temperature, and hence a more compliant matrix, is respectively on 
average ± 15%, ±8%, and ±21%. No significant interaction between the 
temperature and the coating were found, but the P-value was remarkably low 
(6.0%) in case of the strength, indicating an added benefit when the 
combination of a stronger interphase and a lower temperature (i.e. stiffer 
matrix) is present. The dissipated energy in UD composites can almost be 
doubled (+88%) by increasing both the mechanical properties of the matrix 
and the interphase (i.e. comparison between APS coating at room 
temperature and no coating at 60°C). 
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Figure 6-15: Stress-strain curves of the steel fibre/PA-6 laminates, (a) tested at room 
temperature, (b) tested at 60°C and back calculated in-situ behaviour of the 90° plies in 
the cross-ply composites (c) at room temperature and (d) at 60°C 
The experimentally measured stiffness of the UD composites is significantly 
lower than the one predicted by the WiseTex and TexComp models (Table 
6-5). This is attributed to small misalignments which are visible on the 
surface of the samples, similar as in chapter 4. Small misalignments such as 
2 or 3° can significantly lower the stiffness of the composite due to the low 
stiffness and yield strength of the PA-6. While the theoretical stiffness of a 
perfect UD composite is nearly the same at room temperature and 60°C, a 
large difference is predicted with a misalignment of only 3° (61.8 and 51.2 
GPa), indicating the importance of an optimised matrix. 
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Table 6-5: Tensile properties of the UD steel fibre/PA-6 composites, normalized to Vf = 
40% 
 Reference APS coated 
 Room T 60°C Room T 60°C 
Nr. of samples 5 5 4 5 
Normalized 
Stiffness [GPa] - 
experimental 
62.4 ± 2.4 62.2 ± 3.1 63.5 ± 7.1 57.4 ± 8.2 
Stiffness [GPa] – 
theoretical 77.8 77.6 77.8 77.6 
Stiffness [GPa] – 
accounting for 
misalignment of 
2°/3° 
69.8 / 61.8 63.1 / 51.2 69.8 / 61.8 63.1 / 51.2 
Specific Stiffness 
[GPa.cm³/g] - 
experimental 
15.9 ± 0.6 15.9 ± 0.8 16.2 ± 1.8 14.6 ± 2.1 
Normalized yield 
stress [MPa] σyield 
141.4 ± 3.3 133.0 ± 4.2 141.0 ± 7.8 132.5 ± 3.0 
Normalized 
strength [MPa] 
σUTS 
231.0 ± 4.4 205.5 ± 6.2 239.8 ± 17.7 226.8 ± 9.5 
Strain-to-failure, % 
εult 
16.5 ± 2.5 12.9 ± 2.6 21.4 ± 4.8 19.7 ± 3.5 
Dissipated energy 
[J/mm³] 34.8 ± 5.2 25.0 ± 5.2 47.0 ± 12.4 40.6 ± 9.1 
 
A change in yield stress was only found to be significant in case of the 
temperature, indicating that the interphase only plays a role at higher strains. 
The yield stress is increased by ± 6% in case of a lower temperature. 
 
6.4.3 Modelling insights 
Figure 6-16 presents the results from the FE modelling, more specifically, 
the longitudinal strain in the tapered fibre for different fibre volume 
fractions. While 20% strain is externally applied, the highest longitudinal 
strain in the FE model with 1.25% fibres is almost 22.7% due to the tapering. 
This hence simulates a local instability and necking. The fibre volume 
fraction is 1.25% in this case because only a single fibre was modelled in a 
large block of matrix material. Hence, in this case there is no influence of 
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neighbouring fibres. If no matrix is surrounding the necking fibre then the 
highest longitudinal strain is 23.0%. This is almost similar to a volume 
fraction of 1.25% which can thus be seen as equivalent as a fully debonded 
and necking fibre. 
To analyse the local necking, an equivalent Poisson contraction is calculated 
similarly as how engineering stresses and strains are calculated. The local 
contraction is divided by the overall applied displacement, rather than the 
local displacement. Since the fibre is hexagonal, this contraction cannot be 
easily defined in the global coordinate system. Therefore the principal 
directions are used. Due to the applied deformation, the 1st principal stress 
and hence 1st invariant strain is automatically parallel to the fibre. The 2nd 
principal stress and 2nd invariant strain is perpendicular to the 1st principal 
stress. This means that the contraction due to the necking is shown in the 2nd 
invariant strain. The component in the 3th principal direction is a small 
(negligible) component. By dividing the negative of the 2nd invariant strain 
by the globally applied strain, an equivalent local Poisson contraction is 
calculated. 
The local Poisson contraction for a low fibre volume fraction (1.25%), 
equivalent to a debonded fibre, is 0.535 (Figure 6-16b). This is higher than 
0.5 (conservation of volume), which is due to the higher local longitudinal 
strain. Hence locally Abaqus uses conservation of volume, but the results are 
presented based on the global applied strain, to indicate the difference 
between the fibre volume fractions. 
In case of higher fibre volume fractions it is clear that the Poisson 
contraction is lower. As a result also the longitudinal strain is more 
homogenously distributed and hence the longitudinal strain approaches the 
applied strain (Figure 6-16c). Since the contraction is lower and the 
longitudinal strain is lower, also the longitudinal stress inside the fibre is 
lower. At high fibre volume fractions this asymptotically goes to the 
expected strains and stresses in homogeneous deforming fibre. Since in case 
of 100% fibre volume fraction, the tapered fibre is on all sides perfectly 
connected to homogeneously deforming fibres and joins into a solid steel 
which shows homogenous deformation. 
This proves the above stated hypothesis that the necking of a fibre can be 
limited due to a tri-axial stress-strain-state caused by the neighbouring fibres 
in case of a high volume fraction packing (>80%). This however is only 
present as long as the matrix is still adhering to the fibres. Hence it is 
plausible that in case of the APS coating, due the higher adhesion, this effect 
is still present at higher strains and it can further delay the necking of 
individual fibres and hence delay final failure of the composite. 
Chapter 6 
176 
The stresses and strains are transferred through the matrix. It is thus likely 
that when the mechanical properties of the matrix are increased, also this 
effect will be increased. This is in agreement with the measured results at 
room temperature and at 60°C, where it was shown that a stiffer matrix (at 
room temperature) increased the strain-to-failure. 
This effect is present due to the proximity of neighbouring fibres. This is 
closely linked to the results presented in chapter 5. The modelling work in 
this chapter assumes no cracks in the matrix, which could be incorrect in 
case of the epoxy matrix which was used to analyse the difference due to the 
microstructure in chapter 5. In the absence of cracks the results and 
conclusions should also apply for an epoxy matrix. 
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Figure 6-16: Longitudinal strain (a) and Poisson contraction (b) in the necking fibre for 
different fibre volume fractions and (c) Maximum longitudinal stress, elongation and 
Poisson contraction in function of the fibre volume fraction 
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6.4.4 Tensile test results: Cross-ply PA-6 composites 
Figure 6-15 also shows the stress-strain curves of the cross-ply specimens. 
The presence of 90° layers does not seem to alter the strain-to-failure, since 
no significant difference is found through ANOVA. 
Similar small misalignments of the fibres were present in the cross-ply 
composites. However, the experimental stiffness is in better agreement to the 
theoretical values compared to the UD composites since only half of the 
fibres are oriented in the 0° direction and only those fibres can strongly 
influence the stiffness due to small misalignments (Table 6-6). 
Table 6-6: Tensile properties of the cross-ply steel fibre/PA-6 composites, normalized to 
Vf = 40% 
 Reference APS coated 
 Room T 60°C Room T 60°C 
Nr. of samples 6 6 6 5 
Normalized Stiffness 
[GPa] - experimental 38.1 ± 3.3 35.1 ± 1.6 35.4 ± 2.0 36.9 ± 1.8 
Stiffness [GPa] – 
theoretical 40.36 39.53 40.36 39.53 
Stiffness [GPa] – 
accounting for 
misalignment of 2°/3° 
38.1 / 35.6 35.4 / 31.4 38.1 / 35.6 35.4 / 31.4 
Specific Stiffness 
[GPa.cm³/g] - 
experimental 
9.7 ± 0.8 9.0 ± 0.4 9.0 ± 0.5 9.4 ± 0.5 
Normalized yield stress 
[MPa] σyield 
80.8 ± 3.3 74.9 ± 1.6 86.9 ± 3.8 77.9 ± 3.5 
Normalized strength 
[MPa] σUTS 
122.8 ± 4.8 114.6 ± 3.5 136.9 ± 4.9 125.9 ± 4.4 
Strain-to-failure, % εult 15.4 ± 1.2 14.3 ± 1.9 20.7 ± 1.6 19.2 ± 1.8 
Dissipated energy 
[J/mm³] 18.4 ± 1.5 15.9 ± 2.3 27.2 ± 2.6 23.2 ± 2.3 
Normalized in-situ 
90°ply strength [MPa] 20.2 ± 3.4 17.7 ± 3.2 40.0 ± 5.5 31.7 ± 7.4 
 
Similarly to the UD composites, both the presence of the APS coating and 
the elevated temperature play a significant role in the strain-to-failure, 
strength and dissipated energy, but no interaction is found for both. The APS 
coating increases the strain-to-failure by ± 35%, strength by ± 11% and 
dissipated energy by ± 47%, both at room temperature and at 60°C. The 
increase in properties due to the better mechanical properties of the matrix 
(i.e. at room temperature) are respectively ±8%, ±8% and ±16%. Since the 
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presence of the 90° layers does not alter the strain-to-failure, it is likely that 
the same hypothesis for the UD composites (i.e. local tri-axial stress-strain 
state) is valid for the increase in mechanical properties. The increase is 
however lower since only half of the fibres is oriented towards the 0° 
direction. 
Figure 6-15c and d show the in-situ behaviour of the 90° plies, which help to 
analyse the effect of the coating and temperature on the transverse layers. 
The coating significantly increases the strength of the 90° layers. This is 
similar to what is found for epoxy based composites with increased adhesion 
(discussed in 6.3.3). The in-situ strength of the 90° plies at room temperature 
is in good agreement with the undried transverse 3-point bending tests 
(Table 6-4). 
The in-situ 90° ply strength is not only influenced by the coating, but also by 
the mechanical properties of the matrix. At lower temperatures (i.e. higher 
stiffness and yield strength), the in-situ 90° ply strength is up to 26% higher. 
This could be attributed to the lower stiffness mismatch between the 
(isotropic) steel and the matrix in this case. Hence, by increasing the 
stiffness and yield point of the matrix, an increase in transverse strength can 
be realized without altering the interphase. Through ANOVA the interaction 
between the increased matrix properties and the increased adhesion can be 
analysed. No significant difference was found, but the P-value was only 
12%. Thus, it is plausible that an added benefit of a combination of the two 
could be present. The dissipated energy of a cross-ply composite can be 
increased by 72% by combining the benefit of an improved matrix and 
interphase on both the 0° and 90° plies. 
 
6.5 Evaluation and further improvement 
In previous chapters it was highlighted that the full potential, a strain-to-
failure of 20%, was not yet reached. Steel fibres coated with APS and 
embedded in a PA-6 matrix achieve at room temperature a strain-to-failure 
of 21.4%. The full potential is thus achieved in this case. Is it then still 
possible to further improve the strain-to-failure of these composites? 
Figure 6-17a and b show the Weibull cumulative distribution of the strength 
of a single steel fibre. The stress of a single fibre inside a composite at 
failure can be estimated based on the failure strain of the UD composites and 
the stress-strain curve of a single steel fibre. In UD epoxy composites, the 
probability that single fibres fail if untreated is 8%. A higher adhesion 
increases this to 31%. Thus, if the fibres were not embedded in an epoxy 
matrix, 31% of the fibres have failed at the failure strain of the composite. 
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Inside the composite it is unlikely that up to 30% of the fibres can fail 
without initiating failure of the composite. A mechanism hindering failure of 
the fibres must be present. This shifts the Weibull curve of embedded fibres 
to higher stresses compared to the presented Weibull curves, which are 
measured on single fibres. This is in agreement with the hypothesis that an 
improved adhesion hinders local debonding of a single fibre, which is a 
prerequisite for final failure. 
It is unlikely that a higher adhesion will further linearly increase the strain-
to-failure. The slope of the Weibull curve increases until 50% chance of 
fibre failure. Small increases in failure strain of the composite will thus 
require increasingly higher improvements in adhesion strength to hinder an 
increasingly higher number of single fibre failures (i.e. to shift the Weibull 
curve more to higher stresses). In case of a too high adhesion, cracks could 
result in localisation and magnification of the strain. This will constrain the 
maximum failure strain potential inside a brittle matrix. 
The strain-to-failure is in steel fibre composites with a ductile matrix also 
higher in case of a better adhesion. Chance of fibre failure for the untreated 
fibres in the UD PA-6 composite at room temperature is 14%, while for 
treated fibres it is 66% (Figure 6-17b). Similar as in the case of epoxy, this is 
in agreement with the hypothesis that an additional mechanism is present, 
which hinders single fibre failure.  
In a ductile matrix there are no large amounts of cracks which could initiate 
fibre debonding and thus fibre failure. A fibre can thus be loaded until the 
stress reaches a critical point at which necking occurs. Due to the presence 
of the matrix and surrounding fibres, a tri-axial stress-strain state delays this 
necking, as shown by the FE model. Thus also in PA-6 debonding is 
required for final failure of a single fibre. Unless the matrix is insufficiently 
strong or tough and fails due to the tri-axial stress-strain state, which would 
also allow necking of a single fibre. 
An increase in adhesion thus limits debonding and increases failure strain. 
As mentioned before, in a ductile matrix yielding is present instead of cracks 
and thus no localisation or magnification of the strain is present. Hence 
larger improvements can be achieved. Furthermore a stiffer matrix will 
increase the tri-axial stress-strain state and also delay necking of the fibre if 
the interphase is sufficiently strong.  
The stress inside a single fibre at the failure strain of a treated UD PA-6 
composite at room temperature and at 60°C is sufficiently high to fail 
respectively 66% and 44% of the fibres. This means that the mechanisms to 
delay single fibre failure are more efficient in PA-6 than in epoxy. Further 
improvements should still be possible, either by a higher stiffness and yield 
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point of the matrix, which lowers the stress inside a necking fibre due to the 
tri-axial stress-strain state and/or by an even higher adhesion. 
 
Figure 6-17: Weibull cumulative distribution of the strength of a single steel fibre, points 
indicate the calculated stress inside a fibre at the failure of the (un)treated UD epoxy (a) 
and the (un)treated UD PA-6 (b) composites. 
 
  
Chapter 6 
182 
6.6 Conclusions 
Silane treatments were used to tune  the adhesion. With different silane 
coupling agents, it was possible to improve the transverse 3-point-bending 
strength. In case of an epoxy matrix the transverse 3-point bending strength 
of the composite can be improved by 50% and in case of a PA-6 matrix by 
more than 70% by choosing an appropriate silane treatment. The modified 
fibre/matrix adhesion is found to have an influence on the overall toughness 
and failure behaviour of the stainless steel fibre composites in tensile tests, 
both for brittle and ductile matrices. A higher adhesion was found to increase 
the strength, strain-to-failure and toughness of both the UD and cross-ply 
composites. 
Increasing the adhesion to epoxy by 50% leads to a 5% higher tensile 
strength and 20% higher strain-to-failure in both UD and cross-ply 
composites.  The higher in-situ strength of the 90° plies is in line with the 
measured 3-point bending strength. The hypothesis for the improvement in 
strength and strain-to-failure is that the higher adhesion delays the 
debonding and necking of single fibres and hence delays final failure of the 
composite. 
In PA-6 composites, both better mechanical properties of the matrix as well 
as a higher adhesion were found to increase the properties of both the UD 
and cross-ply composites. By optimising the interphase and matrix 
properties, an increase in dissipated energy for both the UD (+88%) and 
cross-ply (+72%) composites is found. Hence an optimized combination of 
matrix and fibre/matrix interphase can strongly further improve the 
toughness of these already very tough composites. 
The hypothesis for this strong increase is that the close proximity of the steel 
fibres introduces a tri-axial stress-strain-state in both the matrix and the 
fibres. This was analysed by a FE model of representative volume elements 
with different fibre volume fractions. A strong influence of the proximity of 
the fibres was found. If the adhesion is sufficiently strong, this effect could 
play a role in the onset of necking of the steel fibres and hence delay the 
failure of the fibres. 
Further improvement of the failure strain could still be possible in a 
composite with a ductile matrix with a higher stiffness, yield point and 
fibre/matrix adhesion. The further improvement in a composite with a brittle 
matrix is expected to be limited. 
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Hybridisation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A new idea comes suddenly and in a rather intuitive way. But intuition 
is nothing but the outcome of earlier intellectual experience. 
 Albert Einstein  
Chapter 7 
188 
7 Hybridisation 
7.1 Introduction 
Chapter 3 indicated that hybrids made with steel fibres could be useful based 
on stiffness and specific stiffness. Adding  steel fibres to a glass fibre 
composite or a self-reinforced composite improves stiffness and specific 
stiffness in bending if the steel fibres are placed on the outside of the 
laminate. In hybrids with carbon fibres, the advantage of adding steel fibres 
would not be to increase stiffness, but to introduce high ductility and 
toughness. 
The state of the art on hybrids is presented in chapter 1, only the topics 
important for this chapter are summarized. The literature review showed that 
hybridisation of a brittle fibre with a more ductile fibre can lead to a more 
progressive failure. This was shown for hybrids of carbon and glass fibres 
[1, 2]. This progressive failure can be beneficial in certain applications, since 
a warning is given before catastrophic failure. This is not the case in non-
hybridised carbon or glass fibre composites, which show a sudden brittle 
failure. 
To engineer this progressive failure, the brittle material can be introduced as 
a thin ply. This could allow multiple fractures of the brittle material and the 
damage progression can be more stable due to the low energy release rate of 
the thin ply. It should be possible to avoid a large drop in stress after failure 
of the more brittle material and thus to achieve a more gradual failure 
development [3, 4].  
In the present study, as a first case study, carbon and glass fibres are added 
as a thin UD ply to steel fibre composites. The failure behaviour and 
dissipated energy during fracture in a tensile test are of particular interest. In 
parallel, work on the hybridisation of steel fibres with woven glass fibres 
was done by a master student, for which the reader is referred to [5]. 
Steel fibres can also be hybridised with self-reinforced PP, a material that 
already has a high strain-to-failure, but lacks stiffness. In other studies, self-
reinforced PP has been hybridised with a brittle fibre such as glass [6] or 
carbon fibre [7, 8]. By adding a small amount of brittle fibres to self-
reinforced PP, stiffness and strength can be increased with almost fully 
retaining its toughness. Similarly to the case of hybrids with carbon and 
glass, the self-reinforced PP -carbon hybrids show in a tensile test a linear 
behaviour up to failure of the brittle fibre, followed by a drop in stress but no 
catastrophic failure. 
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In a second case study presented here steel fibres are hybridised with self-
reinforced PP. This way the stiffness of the self-reinforced PP can be 
increased without loss in strain-to-failure. The case study investigates the 
influence of the hybridisation parameters on the tensile and impact 
behaviour. The reader is referred to [9] for work on the analysis of the 
influence of the steel fibre weave architecture on the mechanical properties 
of the hybrids with self-reinforced PP which is not presented in this thesis. 
 
7.2 Hybridisation of steel fibres with glass or carbon fibres 
7.2.1 Methodology 
In the present study the weft Q-UD steel fibre architecture is used (section 
2.2.2). The glass and carbon weaves are presented in section 2.2.5. Warp 
yarns are removed from the glass and carbon weaves in order to produce full 
UD hybrid laminates. Figure 7-1 presents the lay-up of the different hybrids 
and the volume fraction of the brittle carbon or glass fibres. A lay-up of three 
Q-UD steel layers is produced as a reference. In all hybrid laminates the 
brittle layers (i.e. carbon and glass layers) were placed in the middle. In the 
carbon-steel hybrids a single UD carbon layer is placed in between two, 
four, six and eight layers of steel fabric. In the glass-steel hybrids three, two 
and one layer of glass are placed in between two layers of steel. The lower 
number of steel layers in the glass hybrids was chosen both due to the lower 
areal density of the used glass fabric and the higher aimed brittle fibre 
fractions. Slightly higher brittle fractions compared to the carbon hybrids 
were used to ensure a similar increase in strength in both types of hybrids.  
 
Figure 7-1: Schematic representation of the hybrid lay-ups 
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The classical laminate theory was used to calculate the composite tensile and 
bending stiffness of the laminates. Properties of constituent materials are 
taken as follows: stainless steel fibres (Young’s modulus E =193 GPa, 
Poisson’s ratio ν= 0.3), carbon fibres (Ef1=237 GPa, Ef2 =25 GPa, ν= 0.3), 
glass fibres (E =73 GPa, ν= 0.3), epoxy matrix (E = 3 GPa, ν = 0.3). The 
total fibre volume fraction is assumed to be 40%. The volume content of the 
steel and carbon or glass layer is estimated based on the total specimen 
thickness and ratio of areal densities of the different fabrics. 
The stress-strain diagram of the hybrids can be theoretically modelled using 
the linear rule of mixtures, which implies isostrain. This theoretical model 
assumes no hybrid effect and no adhesion between the steel layers and 
carbon or glass layers (i.e. no stress transfer between the layers). For the 
steel fibre layers, an experimental measured stress-strain of a UD steel fibre 
composite is used in the model. The stress-strain curve of the carbon and 
glass layers is assumed to be linear-elastic and stiffness and strength of the 
carbon and glass fibres used for the model are reported in Table 7-1 
 
Table 7-1: Mechanical properties of the fibres (carbon and glass fibre data from 
datasheets of the suppliers) 
 Steel fibres Carbon fibres Glass fibres 
Fibre density 8.0 g/m³ 1.76 g/m³ 2.55 g/m³ 
Fibre diameter 30 µm 7 µm 9 µm 
Stiffness 193 GPa ± 237 GPa 73 GPa 
Strength 660 MPa 4345 MPa 2400 MPa 
Strain-to-failure 20% 1.8% 2.5 % 
 
7.2.2 Microstructure and fibre volume fraction 
Table 7-2 presents the calculated thicknesses and volume fractions  of the 
carbon fibre hybrids. It is important to note that the calculated steel layer and 
carbon layer thickness differs in the different hybrids. The higher the number 
of layers, the lower the thickness of these layers. This can be explained by 
the nesting of the steel fibre layers. Since they consist of bundles, their 
nesting can strongly reduce the overall thickness of the laminate (Figure 
7-2a) and hence also the calculated layer thickness. A higher number of steel 
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layers on top of each other allows for more sliding, movement and hence 
more nesting of the yarns. Due to the nesting of the steel yarns, also the 
carbon fibres are forced in between the steel yarns, and hence a better 
nesting of the carbon layer occurs as well. The last row in Table 7-2 presents 
the volume fraction of carbon fibres to all fibres (not including matrix). This 
thus presents the fraction of steel fibres that is replaced by carbon fibres. In 
further analysis these values will be used to illustrate the influence on the 
mechanical properties of replacing a certain fraction of steel fibres by carbon 
or glass fibres. 
Table 7-2: Measured overall thickness, calculated layer thickness and calculated volume 
fractions of the hybrids with carbon fibres 
  Reference C21 C41 C61 C81 
Measured 
thickness [mm] 1.33 ± 0.07 1.15 ± 0.14 1.94 ± 0.02 2.69 ± 0.03 3.43 ± 0.09 
C
al
cu
la
te
d 
th
ic
kn
es
s [
µm
] 
1 steel layer 443 ± 22 444 ± 54 442 ± 4 408 ± 4 400 ± 10 
Carbon layer 0 262 ± 32 249 ± 3 241 ± 3 236 ± 6 
V
ol
um
e 
fr
ac
tio
n 
[%
] Overall 40.2 ± 2.0 40.6 ± 5.0 42.2 ± 0.4 43.7 ± 0.5 44.6 ± 1.1 
Steel fibres 40.2 ± 2.0 31.3 ± 3.9 36.8 ± 0.4 39.8 ± 0.4 41.5 ± 1.0 
Carbon fibres 0 9.2 ± 1.1 5.4 ± 0.1 3.9 ± 0.1 3.1 ± 0.1 
Carbon fibres 
/ total fibres 0 22.8 12.9 9.0 6.9 
 
Figure 7-2b and c compare the nesting of the carbon layer for respectively 
C21 (2 layers of steel) and C81 (8 layers of steel) hybrids. From the 
photograph it is clear that in the case of a higher number of steel layers the 
carbon fibres are more intimately nested in between the steel fibres. This 
means that the carbon fibres fill up the resin rich zones which are found in 
between the steel fibre bundles. The hybrids with 6 and 8 layers of steel 
(C61 and C81) have an equal steel fibre volume fraction compared to the 
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reference system despite the added layer of carbon, which leads to an overall 
increase in fibre volume fraction from 40.2% till 44.6%. 
While the improved nesting of the carbon layer in between the steel layers is 
an advantage, normalizing the results is necessary since the increase from 
40% Vf to 45% Vf increases the theoretical stiffness by 12.5%, which could 
lead to false conclusions. 
In further calculations, all results will be normalized to an overall fibre 
fraction of 40% by multiplying the result with the ratio between 40% and the 
calculated total fibre volume fraction. In this manner the volume ratio 
between the steel fibres and carbon or glass fibres is maintained. 
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Figure 7-2: Optical microscopy images of (a) the reference steel fibre composite, (b) the 
steel-carbon hybrid with 2 layers of steel, (c) the steel-carbon hybrid with 8 layers of 
steel, (d) the steel-glass hybrid with 1 layer of glass and (e) the steel-glass hybrid with 3 
layers of glass (For a higher contrast, the reader is referred to the digital version) 
Table 7-3 presents the calculated thicknesses and volume fractions  of the 
glass fibre hybrids. Since these hybrids always contain only 2 steel layers, 
the effect of nesting is not seen in the glass hybrids and all laminates have a 
similar total volume fraction of ± 40% 
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Table 7-3: Measured overall thickness, calculated layer thickness and calculated volume 
fractions of the hybrids with glass fibres 
  Reference G23 G22 G21 
Measured thickness 
[mm] 1.33 ± 0.07 1.22 ± 0.03 1.11 ± 0.01 1.03 ± 0.01 
C
al
cu
la
te
d 
th
ic
kn
es
s [
µm
] 
1 steel layer 443 ± 22 452 ± 10 448 ± 5 461 ± 6 
1 glass layer 0 106 ± 2 105 ± 1 108 ± 1 
V
ol
um
e 
fr
ac
tio
n 
[%
] Overall 40.2 ± 2.0 39.4 ± 0.8 39.7 ± 0.4 38.6 ± 0.5 
Steel fibres 40.2 ± 2.0 29.2 ± 0.6 32.2 ± 0.3 34.6 ± 0.4 
Glass fibres 0 10.2 ± 0.2 7.5 ± 0.1 4.0 ± 0.1 
Glass fibres / 
total fibres 0 26.0 18.9 10.5 
 
7.2.3 Stress-strain behaviour 
Figure 7-3 presents the stress-strain behaviour of the hybrids with the highest 
and lowest fraction of brittle fibres, both for hybrids with glass and carbon 
fibres. The introduction of glass or carbon fibres increases the strength of the 
steel fibre composite. The failure-strain is reduced, but even when one fourth 
of the ductile steel fibres is replaced by a brittle fibre, there is no catastrophic 
failure at the failure-strain of the brittle fibre. After the peak stress, at which 
point the brittle fibres break, the laminates continue to carry a significant 
amount of load. This remaining tail is longer (higher failure-strain) in the 
case of a lower content of carbon or glass fibres. 
After failure of the brittle fibres, first growth of delaminations is observed, 
which results in the horizontal part of the stress-strain curves as indicated in 
Figure 7-3. At a certain strain, also the steel fibres start failing, which results 
in a gradual decrease in stress. 
Only in case of the lowest content of carbon, an indication is present that the 
fibres fail in multiple places since the stress-strain curves show multiple 
small drops in stress rather than one large drop. After the small first drop at 
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the failure strain of the fibre, the stress raises again to a level equal or higher 
than before the drop. 
 
Figure 7-3: Stress-strain diagrams of the reference steel fibre composite and the hybrids 
with the highest and lowest fraction of brittle fibres, for (a) the carbon hybrids and (b) 
the glass hybrids 
Figure 7-4 compares both a carbon and glass hybrid with the theoretical 
curve based on the linear rule of mixtures. The hybrids which are presented 
in this figure show a theoretical strength which is similar (for a chosen Vf of 
brittle fibres), for direct comparison between the two types of hybrids. 
Whereas the strength of the carbon hybrid is in good agreement with the 
theoretical curve, the strength and failure strain of the brittle fibre in the 
glass hybrid is overestimated. Using the same model, the in-situ strength of 
the glass fibres can be calculated, which is 1900±80 MPa. This is the 
average of in-situ strength of all steel-glass hybrids, no significant difference 
was present between the different hybrids. This is lower than the value in 
Table 7-1, which is a value from the datasheet of the fibres. A possible 
explanation could be that the glass fibres are damaged due to weaving and/or 
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manipulating when extracting the warp yarns for production of the hybrids. 
To prove this hypothesis, reference material containing only UD glass fibres 
should be tested. 
In both hybrids the remaining stress after failure of the brittle fibre is higher 
than the theoretical predicted curve. The assumption that there is no stress 
transfer between the broken layer with brittle fibres and the steel fibre layers 
is thus not valid.  
 
Figure 7-4: Comparison the theoretical stress-strain curve and a typical measured 
stress-strain curve of (a) carbon hybrid and (b) glass hybrid with similar strengths 
The stress carried by the hybrid after failure of the brittle fibres cannot be 
directly compared to the reference steel fibre composite since the hybrids 
contain a lower volume of steel. Figure 7-5 compares the theoretically 
remaining stress after failure of the brittle fibre for both types of hybrids 
(based on the linear rule of mixtures). Since the glass fibres fail at a higher 
strain, this theoretical curve is shifted upwards (at higher strains the steel 
fibre composite has a higher stress). 
The average remaining stress in the experimental curves is determined for 
each sample by the average stress in the strain interval 1.8-2.6% for steel-
carbon hybrids and 3-5% for steel-glass hybrids. All tested hybrids showed 
stresses after failure of the brittle fibres which are higher than theoretically 
expected. A hypothesis is that after failure of the brittle fibre layer(s), stress 
is transferred through a matrix rich interlaminar layer through shear stresses 
to the unbroken ductile steel fibre layers. Hence the sample is only locally 
fractured and rapid stress build-up allows the brittle fibre layers to further 
contribute to the load. Despite that first failure occurs earlier for the carbon 
hybrids, they still carry a higher stress compared to the glass hybrids and the 
difference compared to the theoretical curve is much higher (Figure 7-5). A 
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hypothesis could be that the stress transfer occurs better in the carbon 
hybrids, which could be due to a better adhesion or interlaminar shear 
strength. However additional testing is needed to prove this. 
 
Figure 7-5: Experimental average stress shortly after failure of the carbon (a) or glass 
(b) fibres (squares and dashed line), compared to the theoretical stress in the hybrid in 
case of fully debonding of the brittle fibres 
Figure 7-6a and b show how the first cracks due to the failure of respectively 
the carbon or glass fibres can be seen on the surface. The surface cracks in 
the steel – glass hybrids appear slightly different. But no conclusions can be 
drawn from the differences seen between the hybrids since the glass fibres 
are separated by only one layer of steel fibres from the surface, while the 
carbon fibres are separated by three layers of steel fibres in this case.  
During further loading this damaged zone increases due to growing 
delaminations in both hybrids. No multiple fracture was observed in the 
presented images. Most damage is seen around the PET yarns, which is 
similar as what is seen in the reference system at higher strains (i.e. local 
whitening due to cracks surrounding the PET yarns). 
Despite the local failure of the brittle fibres and the cracks appearing in this 
region, the steel fibres do not fail immediately and can bridge this damaged 
zone. It is however likely that the strain is locally much higher than what is 
globally measured, leading to local failure of the steel fibres and a lower 
strain-to-failure of the laminate. 
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Figure 7-6: Photographs of the surface of a (a) carbon (C61) and (b) glass (G22) hybrids 
at different strains (stress-strain curve presented in Figure 7-4 
Figure 7-7a shows that the strain-to-failure of the hybrid laminate decreases 
for increasing content of the brittle fibre.  
It was observed that for a higher content of brittle fibres, the delaminations 
were smaller and the strain-to-failure lower. To fully correctly analyse what 
happens after fracture of the brittle fibre layers, the full elasto-plastic 
behaviour and growth of delaminations needs to be modelled, which could 
be done using an FE model. This FE model can be simplified to layers of 
brittle and ductile material and an intermediate resin rich layer which can 
fracture to model the growth of a delamination. 
In the case of a lower content of the brittle fibre, larger variations in strain-
to-failure were measured. In these cases very large delaminations were 
observed. Earlier failure could, for example, be triggered if the first crack 
was closer to the clamps and the delaminations could not grow further on 
one side since it was hindered by the clamp. Strain-to-failure of the 
individual samples was thus partially dependent on the location of the 
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fracture of the brittle fibres. This causes the large variations in strain-to-
failure. 
The carbon hybrids appear to have a lower strain-to-failure than the glass 
hybrids (Figure 7-7a). However, due to the large spread for the lower brittle 
fibre contents, this is only significant for the hybrids containing more than 
15% of brittle fibres. This trend is in agreement with the higher stress level 
found after failure of the carbon fibres. Since the hypothesis is that the stress 
transfer is better in the case of the carbon fibre, smaller delaminations are 
expected and the strain magnification on the steel fibres could be higher, 
inducing earlier failure. This can be optimised by altering the interphase 
between the brittle fibres and the matrix and hence the adhesion and 
interlaminar strength. 
Due to the large variation in strain-to-failure, also the dissipated energy  
shows a large variation (Figure 7-7b). Despite the higher strength, the 
hybrids are still out-performed by the steel fibre composite based on 
dissipated energy. In terms of specific dissipated energy (dividing by the 
density) this remains the same since the density decreases maximum 16% 
while the dissipated energy decreases by 64% for these hybrids. The strain-
to-failure strongly influences the dissipated energy. Therefore, to improve 
the (specific) dissipated energy of the hybrids, the strain-to-failure of the 
hybrids should be improved to a strain which is almost as high as the 
reference steel fibre composite. 
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Figure 7-7: (a) Strain-to-failure and (b) dissipated energy of the hybrids and reference 
steel fibre composite 
 
7.2.4 Stiffness and strength 
The measured tensile stiffness of the hybrid laminates is in good agreement 
with the theoretical stiffness for both the carbon hybrids and the glass 
hybrids (Figure 7-8). Only the hybrid with the largest carbon content (C21) 
showed some small misalignment of fibres which can explain the lower 
measured stiffness. 
Since the stiffness of carbon and steel fibres is similar no large 
improvements in stiffness are expected. Due to the lower density of carbon 
fibres however, an improvement of 8% in specific stiffness was measured 
for C61 (12.9% carbon fibres) (Figure 7-8b). 
Due to the lower stiffness of glass fibres, the stiffness of their hybrids is 
lower (Figure 7-8c). In case of specific stiffness this is counteracted by the 
lower density of the glass fibres leading to no change in the specific 
stiffness. 
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Figure 7-8: Stiffness and specific stiffness of the carbon hybrids respectively (a) and (b) 
and of the glass fibre hybrids respectively (c) and (d) 
However, since the fibres with the lowest stiffness are placed in the middle 
of the laminate a different result is seen for the theoretical bending stiffness. 
In the case of bending nearly no decrease in stiffness is noted for the glass 
fibre hybrids and even an increase in the specific bending stiffness. The 
position of the ductile steel fibres at the outside is also expected to improve 
the penetration impact resistance. Preliminary research was done in a 
separate study and the results will soon be published [10]. 
Figure 7-9 illustrates the strength improvements due to the hybridization. 
Similarly to the stiffness, the strength can be correctly predicted using the 
rule of mixtures. The extrapolated stress for 0% brittle fibre content is lower 
than the strength of the reference steel fibre composite. This is because the 
stress inside the steel fibre composite is lower at strain at which the glass or 
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carbon fibres fail. These extrapolated stress values are in good agreement 
with the measured stress values of the reference steel fibre composite at the 
failure-strain of the carbon and glass fibres. 
An additional improvement in the specific strength is also seen due to the 
lower densities of the carbon and glass fibres. 
 
Figure 7-9: (a) Strength and (b) specific strength for the hybrid laminates and the 
reference steel fibre composite 
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7.3 Hybridisation of steel fibres with self-reinforced PP 
7.3.1 Methodology 
The SRPP laminates (reference) are produced using 20 layers of woven PP 
tapes (section 2.2.5). To ensure a good quality of the laminates, a 20µm  PP 
film is added in between the drawn PP weaves. Thickness of the laminate is 
3.57 ± 0.05 mm. The 100% steel fibre/PP laminate (reference) is produced 
using 8 layers of the weft Q-UD steel fabric (section 2.2.2) with the lay-up 
of (0,90)2s. Above and below every Q-UD steel fibre weave two 50µm PP 
films are added. The thickness of this reference steel fibre laminate is 3.13 ± 
0.03 mm and the fibre volume fraction, calculated from the areal weight, is 
46.4 ± 0.4%. 
Three types of hybrids are produced to assess the effect of the stacking 
order: steel fibre layers in the middle, at the outside and distributed 
throughout the laminate (Figure 7-10). In each of these laminates, the same 
fraction of the constituent materials is present (50 % steel fibre composite, 
50 % SRPP). For the hybrid with steel fibre layers in the middle, four layers 
of Q-UD steel fibre weave are stacked in a 0/90 configuration and 5 layers of 
woven PP tapes are added to the top and the bottom of the laminate. PP films 
are added in the same ratio as for the reference materials. For the hybrid with 
steel fibres at the outside, 10 layers of woven PP tapes are placed in between 
a (0,90) and a (90,0) lay-up of Q-UD steel fabrics. For the hybrid with 
distributed configuration, two layers of woven PP tapes are placed above and 
below each of the 4 layers of Q-UD steel fibres stacked in (0,90)s 
configuration. For clarity the PP films are not shown in Figure 7-10. 
 
Figure 7-10: Schematical representation, thickness and steel fibre volume fraction of the 
three types of hybrids. 
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Mechanical properties of the hybrids were first estimated using the rule of 
mixtures. Since the fraction of steel fibre/PP composite and self-reinforced 
composite was in all hybrids 50%, an average of the measured mechanical 
properties of the reference systems corresponds to the rule of mixtures. 
The main difference between using the rule of mixtures and the classical 
laminate theory is that CLT assumes that layers are perfectly connected. A 
difference of Poisson’s ratio between the different layers is thus only 
accounted for in CLT. 
The stress-strain curve of the reference and hybrid materials was modelled 
using the classical laminate theory (CLT), which was modified to account 
for the non-linear behaviour of the steel fibres and drawn PP tapes. The input 
for CLT was adapted to model the plastic deformation in the different layers. 
This was done by using the secant modulus at the applied strain as an input 
rather than the stiffness (Figure 7-11). By using the secant modulus, a linear 
relation is assumed for the plastic deforming material, which can be used in 
CLT. This relation is only valid at this specific applied strain and thus new 
input values are needed for the calculation at each strain increment. 
Not in all directions an elastic-plastic deformation is expected and thus 
WiseTex and TexComp were used for estimation of the elastic constants of 
the Q-UD steel fibre/PP layers in the hybrids. The properties of the PP 
matrix were taken as follows: E = 1,45 GPa, ν = 0,3. The steel fibre volume 
fraction in these layers was taken to be 46% according to the experimental 
measurements. 
The cross-ply steel fibre/PP layers were considered as a single ply to model 
the plastic behaviour of the hybrids. The longitudinal elastic-plastic 
behaviour was based on the experimentally measured secant modulus of a 
cross-ply steel fibre composite (Figure 7-11). The transverse stiffness and 
shear modulus were calculated in the assumption of elasticity, because no 
plastic deformation is expected in these directions. 
The longitudinal secant modulus of the SRPP layers is based on the tensile 
curve of the reference SRPP (Figure 7-12). The transverse stiffness of the 
SRPP is assumed the same as the longitudinal stiffness (Table 7-4) and no 
plastically deformation is expected in this direction. The Poisson’s ratio of 
the SRPP was also based on measurements and was taken as 0.25. 
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Figure 7-11: Illustration of the secant modulus at 9% strain of a cross-ply steel fibre 
composite 
 
7.3.2 Tensile behaviour 
Figure 7-12 shows a representative stress-strain diagram for the reference 
and hybrid laminates. The reference materials have an almost identical 
strain-to-failure, but the stiffness is higher in case of the cross-ply steel 
fibre/PP laminate. The measured stiffness data are shown in Table 7-4 and 
Figure 7-13.  
The stress-strain behaviour of the hybrids differs from the rule of mixtures. 
The stress-strain curve of the different hybrids do, however, follow a similar 
trend. In the next section, a more accurate modelling approach is used to 
explain this difference. 
The measured stiffness of the hybrids corresponds to theoretical one, 
predicted by the rule of mixtures (21,5 GPa). By hybridizing SRPP with 
50% cross-ply steel fibre/PP, the stiffness can be increased by a factor five. 
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Figure 7-12: Representative stress-strain diagrams of the reference steel fibre/PP and 
SRPP materials and their three hybrids. 
The strength of the reference SRPP is higher than the strength of the 
reference cross-ply steel fibre/PP laminate. The hybrid with the steel fibres 
distributed throughout the thickness (SD) has a significantly lower strength 
compared to the reference SRPP. Both other hybrids do not show a 
significant lower strength compared to the reference SRPP (Table 7-4 and 
Figure 7-13). 
Also yield strength of the hybrids follows the rule of mixtures and compared 
to the reference SRPP it is increased by a factor three. 
Table 7-4: Mechanical properties of the reference materials and the three hybrid 
materials 
 Stiffness [GPa] 
Yield stress 
[MPa] 
Strength 
[MPa] 
Strain-to-
failure 
[%] 
Energy 
[J/mm³] 
100% Steel 
fibre/PP 38.7 ± 1.5 85.8 ± 1.8 127.8 ± 4.0 12.9 ± 1.6 14.2 ± 2.1 
Steel fibres 
distributed (SD) 22.4 ± 0.7 55.9 ± 2.7 136.3 ± 5.3 9.8 ± 1.8 9.2 ± 1.5 
Steel fibres 
outside (SO) 22.5 ± 1.7 55.7 ± 4.2 144.5 ± 15.1 11.4 ± 0.5 11.3 ± 0.8 
Steel fibres 
inside (SI) 20.7 ± 1.7 52.9 ± 2.8 140.9 ± 11.7 11.7 ± 0.9 11.3 ± 1.7 
100% SRPP 4.2 ± 0.4 17.4 ± 2.8 148.9 ± 8.7 13.4 ± 1.3 9.6 ± 0.6 
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Figure 7-13: (a) Stiffness, yield point and strength and (b) strain-to-failure and 
dissipated energy of the reference steel fibre/PP and SRPP and their hybrids 
While the strain-to-failure of the reference materials is almost identical, the 
strain-to-failure of the hybrids is lower, but the decrease is limited. However, 
the energy dissipated during the tensile test of the SI and SO hybrids, as 
calculated from the area under the stress-strain diagram, is approximately the 
average of the two reference materials (11,9 J/mm³). This is because the 
stress-strain curves of the hybrids are higher compared to the linear rule of 
mixtures. The lower strain-to-failure is thus compensated by a higher energy 
dissipation at lower strains. The area under the stress-strain curve gives an 
indication for the toughness of the material. From these results it is thus 
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likely that also the impact performance of the hybrids will be in between the 
two reference materials.  
During the tests it was observed that the steel fibre plies start failing first in a 
slow continuous manner, followed by delamination between the steel fibre 
and SRPP layers and finally sudden drastic failure of the SRPP layers and as 
a result, failure of the entire hybrid. No differences were noticed between the 
different hybrids. 
For lightweight applications, the mechanical properties per density are more 
important than the absolute values. Since the density of SRPP is very low, its 
specific properties are high. Table 7-5 and Figure 7-14 show the specific 
properties of the reference materials and the hybrid materials. Even though 
the density of the steel fibre/PP is a lot higher than the SRPP, the specific 
stiffness of the hybrids is still two times higher than of the reference SRPP. 
This is because stiffness is increased by a factor five and the density of the 
hybrids is only 2,5 times higher than the density of the SRPP. 
Table 7-5: Mechanical properties per density of the reference materials and the three 
hybrid materials 
 Density [g/cm³] 
Specific stiffness 
[GPa.cm³/g] 
Specific strength 
[MPa.cm³/g] 
Specific energy 
[J/kg] 
100% Steel 
fibre/PP 4.1 9.4 ± 0.4 31.2 ± 1.0 3.5 ± 0.5 
Steel fibre/PP 
distributed 2.5 8.9 ± 0.3 54.3 ± 2.1 3.7 ± 0.6 
Steel fibre/PP 
outside 2.5 9.0 ± 0.7 57.6 ± 6.0 4.5 ± 0.3 
Steel fibre/PP 
inside 2.5 8.3 ± 0.7 56.1 ± 4.7 4.5 ± 0.7 
100% SRPP 0.9 4.5 ± 0.4 161.8 ± 9.5 10.4 ± 0.7 
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Figure 7-14: Specific stiffness, specific dissipated energy and specific strength of the 
reference steel fibre/PP and SRPP and their hybrids 
The specific strength of the steel fibre/PP is lower than of the SRPP, because 
the strength of the reference materials is similar, but the density is four times 
higher. Hereby specific strength of the hybrids is approximately three times 
lower than for the SRPP. This is similar for the specific energy, where it is 
approximately two times lower for the hybrids than for the SRPP. 
In hybrids made from self-reinforced PP and carbon a dramatic drop in stress 
is present at failure of the carbon fibres. In the presented work no dramatic 
drop is present which is expected since both materials have a high ductility. 
This is an added advantage because if a plastic deformed material is loaded 
and unloaded, the initial slope of the stress-strain curve upon loading 
remains parallel to the elastic slope (stiffness). In case of hybrids with a 
brittle material, this is only the case until damage or failure of the brittle 
layers [11]. 
If in a design stiffness is important, then the maximum strain that can be 
applied to hybrids with brittle layers is limited to the strain-to-failure of the 
brittle fibre. If a too high strain is applied, the material needs to be replaced. 
In hybrids with steel fibres and self-reinforced PP a remaining plastic 
deformation is present when loading past the yield point, but the stiffness is 
expected to remain unaltered and thus the material does not need to be 
replaced. 
Chapter 7 
210 
7.3.3 Modelling results 
Since the Poisson’s ratio is very different for the cross-ply steel fibre/PP 
laminate (close to zero) compared to the SRPP (0.25), the classical laminate 
theory is used to calculate the stress-strain diagram since it takes this 
difference in Poisson contraction into account. 
For tensile loading the stacking order does not alter the results calculated 
using CLT (as opposed to a bending loading). Therefore the difference 
between the hybrids with the same ratio of fibres cannot be calculated using 
CLT. The experimental results of the hybrid with the steel fibres in the 
middle of the laminate will be used to compare with the modelling results. 
The stress of the hybrid material was calculated for three different strain 
levels: 5%, 9% and 12%. The modelled points are shown in Figure 7-15 and 
correspond well to the experimental stress-strain curves. 
 
Figure 7-15: Representative experimental stress-strain diagrams (solid lines) and 
modelling results (squares and dashed lines). 
Due to this difference in Poisson’s ratio both the cross-ply steel fibre/PP 
laminate and the SRPP are more constrained resulting in a higher stress 
needed to reach a certain strain. This higher stress at a similar strain 
translates in a shift to higher stresses compared to the rule of mixtures. This 
effect also creates a biaxial stress state inside the laminate which can be an 
explanation for the lower strain-to-failure: a higher stress is reached at lower 
strains. 
In the case of distributed steel fibre layers (SD), the 0° and 90° steel fibre 
layers are separated by a SRPP layer. The 0° steel fibre/PP has a Poisson’s 
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ratio which is even higher (almost 0,5) than the SRPP, while the 90° steel 
fibre layer has a Poisson’s ratio close to zero. This results in larger stress 
gradients between the layers. It is possible that these larger gradients induce 
earlier failure, resulting in a lower strain-to-failure and strength. 
7.3.4 Penetrating impact behaviour 
Table 7-6 presents the absorbed energy during impact for the reference and 
hybrid materials and the specific absorbed energy. The reference steel 
fibre/PP composite absorbs more than two times more energy during 
penetration than the reference SRPP. This is in line with the dissipated 
energy measured in the tensile test. The hybrids perform intermediate, but 
with strong differences (Figure 7-16). When the steel fibres are placed 
outside, the energy absorption is highest. The hybrid with the steel fibres 
distributed over the thickness performs worst. However all hybrids 
outperform the SRPP. 
Due to the high density of the steel fibre composite, which is four times 
higher, the specific absorbed energy of the reference steel fibre/PP 
composite is two times lower than of the SRPP (Table 7-6). In terms of 
specific absorbed energy, the hybrid with the steel fibres placed outside 
performs better than the reference steel fibre composite. 
Table 7-6: Penetration impact results for the reference and hybrid materials 
 Energy absorption [J/mm] 
Specific energy 
absorption [Jm²/kg] 
100% Steel fibre/PP 68.1 ± 3.1 16.6 ± 0.8 
Steel fibres distributed (SD) 36.8 ± 3.0 14.7 ± 1.2 
Steel fibres outside (SO) 48.5 ± 9.0 19.4 ± 3.6 
Steel fibres inside (SI) 42.3 ± 1.4 16.9 ± 0.6 
100% SRPP 28.1 ± 3.0 31.2 ± 3.3 
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Figure 7-16: Energy absorption and specific energy absorption of the reference steel 
fibre/PP and SRPP and their hybrids  
Figure 7-17 shows a photograph of the impacted reference samples. There is 
a clear difference in fracture behaviour between the two reference systems. 
The SRPP shows a rather local deformation due to the penetration of the 
impactor, but  large interlaminar damage is visible on the surface. This is in 
contrast with the reference steel fibre composite, which shows a larger 
deformed cone due to the penetration of the impactor. Hence in the reference 
steel fibre composite, large deformations are present on the outside of the 
sample. It is likely that these deformations allow the steel fibres to dissipate 
large amounts of energy during penetration. 
 
Figure 7-17: Penetrated samples of the reference self-reinforced PP (a) and the reference 
cross-ply steel/fibre PP (b) 
Figure 7-18 shows a photograph of the impacted hybrid samples. In the 
hybrid with steel fibres placed outside (SO), the steel has the highest 
possibility to deform and hence most energy is dissipated. If SRPP is placed 
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outside of the steel fibre layers, the different fracture behaviour of the SRPP 
limits the deformation of the steel fibres and less energy can be dissipated. 
 
Figure 7-18: Penetrated samples of the hybrid samples: (a) steel fibre/PP outside, (b) 
steel fibre/PP distributed and (c) steel fibre/PP inside 
For the hybrids, the absorbed energy was highest when the steel fibres are 
placed at the outside of the laminate. In this case the result follows the linear 
rule of mixtures, which is not necessarily expected due to the complex 
damage behaviour under impact loading. 
In this case however, it is plausible that the damage behaviour of the two 
different materials does not interfere with each other. During impact, a lot of 
energy is dissipated in-plane by the SRPP by delaminations. This does not 
hinder the larger out-of-plane by deformation required for energy absorption 
of the steel fibre layers during impact due to its placing outside of the 
laminate. More tests are required to analyse whether this linear rule of 
mixture applies for other volume fractions of steel fibres. 
Additionally, chapter 3 predicted that the bending stiffness had a higher than 
linear improvement if the steel fibres were placed outside. Figure 7-19a 
presents the bending stiffness  of hybrids with the same stacking sequence, 
but with different volume fractions of steel fibres. Not only the energy 
absorption during impact, but also the stiffness is highest if the steel fibres 
are placed outside. Since the hybrids have the same density, the specific 
properties are also higher if the steel fibres are placed at the outside of the 
laminate and similar as in impact, the specific tensile stiffness (Figure 7-19b) 
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of certain fractions of steel fibre composite outperforms a 100% steel fibre 
composite. The highest plate bending stiffness is predicted for a hybrid with 
10% of the volume steel fibre composite and the steel fibres at the outside of 
the laminate. 
 
Figure 7-19: Modelled (a) bending stiffness, (b) specific bending stiffness and (c) specific 
stiffness in plate bending 
The experimental results showed that by replacing the outer 50 Vol% of the 
SRPP with steel fibre/PP composite, the impact properties can be increased 
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by 70% but the specific impact properties are decreased by 40%. The 
modelling results show that the stiffness in bending becomes however 15 
times higher. Despite the high density of the steel, the specific stiffness is 
increased by more than 5 times and the specific plate stiffness remains 
almost similar (-11%). 
If the specific impact properties are more important in a given application, 
only the outer 10% Vol% of SRPP could be replaced by steel fibre/PP 
composite. If the impact energy is estimated linearly in this case, it would be 
14% higher in absolute values and 16% lower in specific values. The 
absolute stiffness would then still be more than four times higher. The 
specific stiffness in tension would be three times higher and the specific 
stiffness in plate bending would be 22% higher. 
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7.4 Conclusions 
Low amounts of steel fibres were replaced by brittle fibres (carbon or glass) 
to increase the strength in comparison to a steel fibre composite, without 
completely losing the toughness. 
The produced hybrids exhibited a lower failure-strain than the steel fibre 
composite but didn’t have the dramatic failure which is typical for carbon 
and glass fibres. Even when one fourth of the ductile steel fibres was 
replaced by a brittle fibre, failure was still gradual and after the peak stress, 
the laminate still continued to carry a significant amount of load. 
When comparing different hybrids, a lower strain-to-failure was measured in 
composites with a higher content of brittle fibres. This was likely due to 
strong localisation of the damage, leading to strain magnification in the steel 
fibres. The carbon hybrids showed a lower strain-to-failure, but a higher 
stress after failure of the brittle fibre compared to the glass fibres. This could 
be due to the higher strength of the interphase between the carbon or glass 
fibre and the epoxy matrix. Hence, the fracture behaviour and strain-to-
failure of the hybrids can likely be improved through modification of the 
interphase between the brittle fibre and the matrix.  
The stiffness and strength of hybrids with carbon and glass fibres followed 
the rule of mixtures and due to the lower density of the carbon and glass 
fibres an improvement in the specific stiffness and strength compared to the 
reference steel fibre composites was seen. 
The hybrids with SRPP contained 50% steel fibre/PP composite. In this case 
strain-to-failure of the materials used for hybridisation is similar, but density 
and stiffness are strongly different. Three types of hybrids were investigated 
to assess the effect of the stacking order. Steel fibre layers were placed in the 
middle, at the outside and were distributed throughout the laminate 
thickness, each time containing 50 % of steel fibre/PP composite, and 50 % 
of SRPP. 
The steel fibre/SRPP hybrid composites were shown to have a 5 times higher 
stiffness in comparison with SRPP while maintaining the high toughness 
(large area under the stress-strain curve). Despite the high density of the steel 
fibres, also the specific stiffness of hybrid composites was still 2 times 
higher than that of pure SRPP. Dissipated energy per weight, however, 
decreased after adding steel fibres. 
The tensile behaviour of all produced hybrids with SRPP differed from the 
rule of mixture, namely all stress-strain curves shifted to higher stresses. 
This effect has been explained by the difference in Poisson’s ratio between 
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the steel fibre composite and the SRPP using the classical laminate theory, 
adapted for plastically deformable laminates. 
No significant difference was found in the tensile behaviour of steel 
fibre/SRPP hybrid composites with steel fibres at the inside or outside of the 
laminates. When the steel fibres were distributed through the laminate 
thickness, the strength and strain-to-failure were significantly lower than for 
the other two hybrids. This could be attributed to a local higher stress 
gradient caused by a different Poisson contraction of the 0° and 90° steel 
fibre layers and the SRPP layers. 
The steel fibre/SRPP hybrid composites had a higher absorbed energy during 
impact till penetration of the hybrids than the SRPP but lower than the steel 
fibre/PP composite. The hybrid with the steel fibres placed at the outside of 
the laminate performed best. Since also the bending stiffness benefits from 
steel fibres at the outside of the laminate, (specific) bending stiffness and 
absorbed energy during impact of self-reinforced PP can be strongly 
increased by adding steel fibres.  
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I think if you do something and it turns out pretty good, then you 
should go do something else wonderful, not dwell on it for too long. 
Just figure out what's next. 
 Steve Jobs  
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8 Conclusions 
8.1 Important results and discussion 
The aim of this work was to investigate the potential of a novel fibre type, 
annealed stainless steel fibre, for application in composites. In the present 
thesis, this fibre has been used to develop both tough and stiff polymer 
composites and to understand their mechanical behaviour and damage 
development. 
The introductory chapter illustrated that the scientific literature which 
describes the use of steel fibres as a ductile reinforcing material in polymer 
composites is very limited and thus largely unexplored. Therefore, in this 
work a broad range of parameters which can influence the mechanical 
behaviour of steel fibre composites was investigated using several different 
experimental and modelling techniques, described and analysed in the 
different chapters of this thesis. 
 
8.1.1 Stiffness potential of steel fibre composites 
While toughness of composites is dependent on the damage progression and 
fracture behaviour of composites, stiffness can be easily and accurately 
modelled.  In chapter 3 simple micromechanical models were used to predict 
the stiffness and specific stiffness of the steel fibre composites. 
The predicted stiffness and specific stiffness of steel fibre composites with a 
fibre volume fraction of 50-60% were found to be comparable to titanium 
and aluminium. In plate bending the specific stiffness is always higher than 
the specific stiffness of a full steel plate. 
Compared to traditional composites such as carbon or glass fibre composites, 
steel fibres have a weight disadvantage. To compete with glass or carbon 
fibre composites, the advantages of steel fibres should be sought in the high 
ductility and toughness of the steel fibres. Hybrids can also be a promising 
route. The stiffness and specific stiffness was increased when steel fibres 
were placed at the outside of a laminate with glass fibres or drawn PP tapes.  
The predicted stiffness of the different composites were compared with the 
experimentally measured stiffness in each chapter. While the models 
predicted accurately the stiffness, misalignment of the fibres was shown to 
have an important influence on the measured stiffness. Small misalignments 
can strongly decrease the composite stiffness. This decrease was more 
pronounced in the composites with a low stiffness matrix such as PP and 
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PA-6. The theoretical stiffness of composites with perfectly aligned fibres in 
epoxy and PA-6 was similar. However, a misalignment of 2° results in a 
decrease in stiffness of 3.5% for an epoxy matrix and 18.7% for the PA-6 
matrix at 60°C due to its more compliant matrix. This illustrates the 
importance of an optimised matrix for steel fibre composites. 
 
8.1.2 Influence of the matrix and interphase 
8.1.2.1 Influence of the ductility of the matrix 
The influence of the matrix extends further than only on the composite 
stiffness. A distinct difference in failure behaviour in a tensile test between 
composites with epoxy and PA-6 matrices was shown for both UD and 
cross-ply laminates. In chapter 4 the composite strain-to-failure was up to 
75% higher for the UD PA-6 composite. However, it was highlighted that 
the interphase could also be different. In chapter 6, it was shown that the 
transverse 3-point bending strength of composites with untreated fibres in an 
epoxy matrix is similar as APS treated fibres in a PA-6 matrix. This 
suggested a similar interphase strength. The composite strain-to-failure is 
however 40% higher for the treated fibres in the PA-6 matrix both for the 
UD and the cross-ply composites. This has confirmed the hypothesis that 
steel fibre composites with a matrix which is more ductile than the fibre 
possess the highest toughness. 
It has been shown that, if the ductility of the matrix is higher than the fibre, 
the toughness decreases with increasing temperature. Thus toughness can 
additionally be improved if the ductile matrix has a higher stiffness and/or 
yield point.  
 
8.1.2.2 Modification of the adhesion 
Different silane coupling agents were used to tune the adhesion. It was 
possible to improve the transverse 3-point-bending strength of composites 
with both epoxy and PA-6 matrices. The higher adhesion increased the 
strength and strain-to-failure in tensile tests of UD and cross-ply composites 
with both brittle and ductile matrices. 
In a brittle matrix, a higher adhesion can hinder under longitudinal loading 
the local debonding of the fibres and delay final failure, but a too high 
adhesion could result in strong strain localisation and strain magnification in 
the vicinity of the crack leading to earlier necking. This constrains the 
maximum failure strain potential inside a brittle matrix. A shortened 
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illustration of the hypothesis of the fracture behaviour is presented in Figure 
8-1. For a more detailed explanation, the reader is referred to chapter 6. 
 
Figure 8-1: Hypothesis of the fracture behaviour of ductile steel fibres in a matrix which 
is more brittle than the fibres 
In a ductile matrix, larger improvements can be achieved due to the absence 
of cracks which initiate fibre failure. A higher adhesion delayed debonding 
and extended further the presence of a tri-axial stress-strain state due to 
neighbouring fibres.  This delayed fibre necking and composite failure. It is 
expected that an even higher adhesion can further improve the strain-to-
failure of steel fibre composites with a ductile matrix. Figure 8-2 illustrates 
the hypothesis. A more detailed description can be found in chapter 6. 
 
Figure 8-2: Hypothesis of the fracture behaviour of ductile steel fibres in a matrix which 
is more ductile than the fibres 
 
8.1.3 Influence of the fibre architecture 
8.1.3.1 Influence of the local fibre volume fraction 
In chapter 6 it was shown, using FE modelling, that the local tri-axial stress-
strain state can delay necking in a UD composite with a ductile matrix 
loaded along the fibres in case of perfect adhesion. This local tri-axial stress-
strain state was dependent on the proximity of other fibres and thus 
dependent on the local fibre volume fraction. A high local packing of steel 
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fibres delayed necking of the steel fibres, which in turn delayed final failure 
of the composite. 
In chapter 5 it was shown that in a brittle matrix, UD microstructures with a 
different local packing of the fibres also influence the failure behaviour. It 
was thus likely that the hypothesis that the local tri-axial stress-strain state 
can delay necking in a ductile matrix is also true in a brittle matrix if the 
matrix is still adhering to the fibre. Additionally it was suggested that close 
packing of fibres forced cracks to grow around the 0° yarns and debonded 
them rather than single fibres. This delayed the growth of cracks inside a 
steel fibre yarn which, in turn, delayed the onset of local debonding and 
failure of single steel fibres. This resulted in an overall higher strain-to-
failure of the composite. 
 
8.1.3.2 Influence of the textile architecture 
The influence of the fibre architecture was also analysed on a meso-scale by 
tensile and impact testing of different weave architectures. It was shown that 
all weave architectures lead to the same composite strain-to-failure, despite 
the yarn interweaving and the difference in crimp. But, in case of a weave 
architecture with a high crimp and a matrix with a high compliance, the  
composite showed significant out-of-plane deformation during tensile 
loading. An FE model confirmed that the out-of plane deformation led to the 
composite stiffness reduction and stress-strain diagrams could be predicted 
with good accuracy. 
The absorbed energy during impact of composites based on UD 
reinforcements was higher than for composites with weave architectures. 
This was consistent with a trend described in literature for brittle fibre 
composites. The high ductility of the composites which was present in 
tensile tests was transferred into a high impact performance. The steel fibre 
composites absorbed more energy during penetration than conventional 
composites with glass or carbon fibres. 
 
8.1.4 Optimal steel fibre composite 
The highest strain-to-failure in a tensile test was measured for a UD steel 
fibre/PA-6 composite at room temperature (21.4%). The highest stiffness 
with the same fibre architecture was measured for a UD steel fibre/epoxy 
composite (77.3 GPa). Hence a trade-off between stiffness and toughness is 
also present in steel fibre composites. Nevertheless, for both brittle (epoxy) 
and ductile (PA-6) matrices, it has been shown that steel fibre composites 
Chapter 8 
224 
possess a toughness which greatly exceeds the toughness of traditional 
composites such as glass and carbon fibre composites. 
 
8.1.5 Hybridisation 
8.1.5.1 Hybridisation with carbon and glass fibres 
Despite the promising results in stiffness and toughness, the high density 
remains an important disadvantage. Hybridisation of steel fibres with 
traditional fibres such as glass or carbon fibres was investigated to reduce 
the density, while maintaining the toughness and increasing the strength. 
When low amounts of steel fibres were replaced by brittle fibres (carbon or 
glass) a moderate decrease in toughness and increased strength was 
measured in a tensile test for UD composites. These hybrids possessed a 
lower failure-strain than a steel fibre composite but the dramatic failure, 
which is typical for carbon and glass fibres, was not present. Even at high 
brittle fibre content, the failure was still gradual and after failure of the 
brittle fibres, the partially fractured laminate continued to carry a significant 
amount of load. 
 
8.1.5.2 Hybridisation with self-reinforced PP 
In hybridisation of steel fibres with drawn PP tapes, both materials exhibit a 
high strain-to-failure, but have a strongly different density and stiffness. 
Adding 50% steel fibre/PP composite to self-reinforced PP increased the 
stiffness by a factor 5 and despite the high density, also increased the 
specific stiffness by a factor 2. The modelling results showed that the 
bending stiffness is 15 times higher if the steel fibres are placed at the 
outside of the laminate. Also in impact till penetration, the hybrid with the 
steel fibres placed at the outside of the laminate had the highest absorbed 
energy in impact. 
In contrast to hybridisation of self-reinforced PP with a brittle fibre, no loss 
in toughness in  a tensile test was measured. Steel fibres thus provided a 
suitable solution to produce hybrids with self-reinforced PP with a strongly 
increased stiffness and without loss in toughness. 
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8.2 Recommendations and future work 
The presented thesis is only a first global investigation of the potential of 
ductile steel fibres for use in polymer composites. Some recommendations 
and suggestions for future work are presented. Suggestions for further 
research are split up in further optimisation and further characterisation of 
steel fibre composites. 
 
8.2.1 Further optimisation 
8.2.1.1 Optimised adhesion and matrix 
It is expected that toughness of the steel fibre composites with a ductile 
matrix can further be improved with a higher adhesion to the fibre and a 
stiffer matrix. Only a limited number of silane treatments were evaluated and 
it is evident that further optimisation of the treatment can increase the 
adhesion. In addition different matrices with a higher stiffness or yield point 
can be selected such as PEEK or PEI. 
Increasing the adhesion and stiffness locally is also possible by grafting 
CNTs on the surface of the steel fibres. In other studies CNTs are grafted on 
carbon fibres to improve damage initiation and propagation. It is expected 
that improving the transverse mechanical properties of a carbon fibre 
composite could delay damage initiation and propagation. In steel fibre 
composites however a stronger benefit could be present in the longitudinal 
direction. Grafted CNTs could enhance adhesion, delaying debonding and 
failure of steel fibres. But CNTs could also locally increase the stiffness of 
the matrix, increasing the tri-axial stress-strain state, which in turn further 
delays necking of the steel fibres. 
 
8.2.1.2 Fibre diameter 
The present research did not investigate the effect of the fibre diameter. It is 
possible that the time and cost of the expensive bundle drawing technique is 
not necessary by using thicker fibres (>60 µm) which are individually 
drawn.  These fibres have a smooth surface. This is beneficial for the 
transverse composite strength since a round shape introduces lower stress 
concentrations compared to a hexagonal shape. A disadvantage is that lower 
fibre volume fractions can be achieved and the fibres have lot less surface 
area. The latter would lead to a lower adhesion which is unwanted. The 
surface area could be increased by etching or mechanically deforming the 
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fibres. Because they fail in a ductile manner, this should not be detrimental 
for the strain-to-failure.  
 
8.2.1.3 Partially annealed fibres 
The fibres used in this research are fully annealed and thus possess a high 
strain-to-failure. This however decreases the yield point and strength of the 
fibres. Based on strength, they cannot compete with carbon or glass fibres. 
Through different heat treatments or drawing steps, fibres with intermediate 
yield strength and intermediate strain-to-failure could improve the 
commercial or industrial applicability of steel fibres in composites. 
Steel fibres with a higher strength while retaining intermediate ductility can 
also be beneficial for hybrids. The higher the strength of the steel fibre, the 
lower the content needed in a hybrid with carbon or glass fibres to achieve a 
progressive failure. 
 
8.2.2 Further characterisation 
In the presented work UD and cross-ply composites were investigated in 
quasi-static tensile tests. While these tests deliver valuable information on 
the fundamental mechanical behaviour, they do not provide information on 
the mechanical performance under complex or dynamic loading conditions. 
Hence, after optimisation, further characterisation is needed. 
 
8.2.2.1 Fatigue tests 
The high ductility and toughness of steel fibre composites could show a high 
fatigue life. If the adhesion is sufficiently strong, the tri-axial stress-strain 
state in close packing of the fibres could also hinder fibre failure in fatigue, 
extending the fatigue life compared to a single steel fibre. 
 
8.2.2.2 Open hole tension tests 
Also open hole tension tests can be performed. The open hole tension tests 
investigate the notch sensitivity of a composite. It is expected that steel fibre 
composite perform better than traditional brittle fibre composites due to their 
ductility. 
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8.2.2.3 Impact tests 
In the present work some preliminary data were obtained for the impact 
behaviour. No work was yet done on the improvement of adhesion and the 
absorbed energy during penetration. It is plausible that for a steel fibre 
composite with a brittle matrix, a too high adhesion would localise the 
damage and limit the absorbed energy during penetration. An optimum in 
tensile and impact performance should be sought. Further investigation of 
the impact performance should also include damage tolerance (residual 
strength after impact). 
 
8.2.2.4 Hybridisation 
Besides 100% steel fibre composite, the suggested tests can also be 
performed on steel fibre hybrids with  carbon or glass fibres. Adding steel 
fibres to a carbon or glass fibre composite could provide a more progressive 
damage behaviour in fatigue tests, open hole tension tests and compression 
after impact tests. This could prevent composites in applications to fail 
abruptly and dramatically.  
 
8.2.2.5 Multi-functionality 
As a last suggestion the electrical properties of steel fibre composites can be 
investigated. Traditional fibres such as carbon or glass fibres have a high 
electrical resistance compared to steel fibres. This could allow steel fibre 
composites to be used as a multi-functional material, improving lightning 
strike protection, electro-magnetic shielding or adding damage sensing 
capabilities. 
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